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Accurate determination of shear modulus within small-strain of cement-treated 
soil is very important for ground improvement, like jet grouting and deep 
cement mixing. Bender element, resonant column and local strain tests were 
adopted in this study to test the shear modulus of cement-treated Singapore 
marine clay under various strain levels. Factors such as mix ratios, curing 
times, stress states and stress histories were investigated for the small-strain 
shear modulus of cement-treated clay.  
The experimental methodology was validated for measuring the small-strain 
shear modulus of cement-treated soils. It is found that in bender element test, 
filler materials like kaolin or plasticine are necessary to be used in the gap 
between the bender element and the cut slots. Stable and consistent 
measurements for both WF and GDS bender element system can be obtained 
from frequency between 3kHz to 10kHz for the specimens of cement-treated 
clay tested, and the limiting L/λ ratio of 1 in bender element test was 
suggested. In addition, higher excitation frequency and L/λ ratio is 
recommended for the stiffer specimens. The reliability of small-strain modulus 
results from resonant column test was also verified by test results from both 
bender element test and local strain test. For resonant column test, when the 
generalized shear strain is less than 0.01%, the equivalent radius ratio of 0.8 
recommended by ASTM D 4015-07 standard is available for cement-treated 
soils. However, micro-cracks may happen in the specimen because of tension 
at a large strain level. A new design of mounts and installing procedure was 
developed for cement-treated soil, which can minimize the effect of installing 
VII 
 
the transducer on the specimen and also avoid the membrane detaching during 
undrained shearing testing for cement-treated clay by connecting the specimen 
with pins.  
The main findings from experimental results can be summarized as: (i) 
Unconfined compressive strength uq  and maximum shear modulus maxG can be 
quantified by the parameter of mix ratios and curing periods. Unconfined 
compressive strength uq can be correlated to the increment rate of maximum 
shear modulus in pre-yield condition, and it is also the dominant factor 
controlling the location of the normalized shear modulus max/G G  degradation 
curve. (ii) An increase in mean effective stress 'p  could lead to the increase of 
shear modulus, especially when the effective confining pressure 'p is greater 
than the primary yield stress 
'
pyp of cement-treated clay. And this observation 
is closely related to the variation of void ratio with mean effective stress. (iii) 
The stress history also plays a great role in the development of maximum 
shear modulus maxG , especially when the experienced maximum stress in 
history 
'
maxp  exceeds the primary yield stress 
'
pyp . (iv) Both effective 
confining pressure ( 'p >
'





significantly increase the shear modulus and ductility of cement-treated clay.  
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Chapter 1 Introduction 
 
1.1 Background  
Space is a strategic issue in Singapore. As an island with limited land area and 
expanding population, Singapore needs to maximise its use of space, both 
above ground and below ground. Therefore, it is important to maximise the 
use of underground space in Singapore for future development of the society. 
The geological deposits shown in Figure 1.1 for mainland Singapore consist of 
Kallang Formation, of which marine clay is the main constituent (Ho, 2014). It 
is reported that approximately 25% of the land area in Singapore is underlain 
by soft marine clay with the undrained shear strength ranging from 
approximately 15kPa to 35kPa (Liu et al., 2016). Due to its high water content, 
high compressibility and low shear strength (Horpibulsuk, 2003), dealing with 
marine clay poses many difficulties for geotechnical engineers. Underground 
space construction has been a challenging issue in these soft soil areas, 
especially where there are many buildings above the ground. It is because that 
any form of disturbance to the soil might induce ground movement, which 
may lead to cracks or even collapse of the nearby infrastructures. In this 
situation, ground improvement for soft soils is necessary before underground 
construction to prevent collapse as well as minimise ground movements and 
disturbance to nearby structures.   
The use of cement to enhance the engineering properties of soft soils has been 
well-established and widely used (Kawasaki et al., 1981; Kauschinger et al., 
1992; Uddin et al., 1997; Kamruzzaman, 2002; Lee et al., 2005; Xiao, 2009). 
Stabilization of soft ground by deep mixing (e.g. Saitoh et al., 1985; Bergado 
2 
 
et al., 1999; Horpibulsuk et al., 2004, 2011;) and jet grouting (e.g. Chia and 
Tan, 1993; Yong et al., 1996; Sugawara et al., 1996) is widely employed in 
Singapore for stability and deformation control in many underground 
construction projects such as deep excavations, and tunneling involving soft 
marine clays. For such stabilization works, the cement content of the treated 
soils is typically above 20% or higher (Gallavresi, 1992; Uddin et al., 1997, 
Melentijevic et al., 2013). In jet grouting works, the cement content can be up 
to over 50% (Lee et al., 2005). Over the past decades, the strength and 
deformation properties of cement-treated soils have been extensively 
investigated and well-established (e.g., Kauschinger et al. 1992; Uddin et al. 
1997; Kamruzzaman et al., 2009; Lee et al., 2005; Horpibulsuk et al., 2011; 
Xiao et al., 2014; Kang et al., 2016). For accurate prediction of ground 
movements, the small-strain modulus is a significant parameter to characterize 
the stress-strain behaviour (Atkinson, 2000; Clayton and Heymann, 2001). 
However, there are still many areas remain unknown about the small-strain 





1.2 Small-Strain Behaviour of Cement-Treated Soil  
In current design practice, cement-treated soil is typically modelled as a Mohr-
Coulomb material with a constant elastic modulus which is typically equal to 
around hundreds times its unconfined compressive strength, and the elastic 
modulus E50 is commonly measured at 50% of the ultimate stress in many 
studies (e.g. Asano et al., 1996; Goh et al., 1999; Lee et al., 2005). The ratio 
between the elastic modulus and unconfined compressive strength varies 
somewhat between studies, as listed in Table 1.1. However, this is likely 
related to an “engineering” modulus rather than the small-strain modulus. 
Although the stiffness of cement-treated clay has been studied (e.g. Tan et al. 
2002; Lee et al. 2005), most of these studies used external strain 
measurements which may underestimate the real stiffness of the improved soil 
and do not give reliable values of small-strain modulus. 
Because of the enhanced stiffness of cement-soil mix, the treated soil is likely 
to experience very small strain under working conditions. For instance, Goh et 
al. (1999) reported that the strain induced in the improved soil layer for 
excavation support usually does not exceed 0.1%. In such cases, the main 
objective is often to control ground movement. For instance, construction 
activities in the vicinity of Mass Rapid Transit infrastructure in Singapore are 
not permitted to cause movement to any part of the structure larger than 15mm. 
As such, stiffness, especially at low strain, is often a more pertinent 
requirement than strength. In such instances, the small-strain behavior of 
cement-treated soil, including its small-strain modulus, is an important 
parameter. It is well-recognized that the behaviour of soil within very small-
strain range is elastic and the shear modulus is usually regarded as a constant 
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value, which is also called the maximum shear modulus (Ho, 2014). Empirical 
data indicates that the true elastic regime is smaller than a threshold value 
ranging from 0.001% to 0.01% (e.g. Hardin and Black, 1968; Anderson and 
Richart, 1976; Stokoe and Lodde, 1978; Kokusho et al., 1982; Georgiannou et 
al., 1991; Viggiani and Atkinson, 1995; Diaz-Rodriguez and Lopez-Molina, 
2008) for many natural soils. Moreover the shear modulus is not a constant but 
a strain dependent parameter, and the magnitude of shear modulus can 
decrease considerably with the increase of strain in the intermediate small 
strain range (strain=0.001% to 1%), as shown in Figure 1.2. For strains larger 
than 1%, yielding may occur. 
Much of the research on cement-treated soils to date relates to yielding and 
post-yield behaviour (e.g. Xiao, 2009). A lot of research has been undertaken 
to ascertain the dynamic properties including shear modulus and damping ratio 
of sands as well as clays (e.g. Hardin and Black 1968; Hardin and Drnevich 
1972; Kokusho et al. 1982; Zhang et al. 2005; Ho, 2014). To date, very limited 
data is available on the small-strain modulus of cement-treated soil, especially 
for cement-treated clay. Although there have been some studies on the small 
strain stiﬀness of cement-treated soil (e.g. Acar and El-Tahir, 1986; Dvokin et 
al., 1991; Cuccovillo and Coop, 1997; Baig et al., 1997; Fernandez and 
Santamarina, 2001; Sharma and Fahey, 2004; Delfosse-Ribay et al. 2004; 
Mohsin, 2008), most of them only focus on the maximum shear modulus. In 
terms of the shear modulus variation with shear strain, one common practice is 
to use the same shear modulus degradation relation as untreated soil in the 
analyses of sites where cemented soil exists. However, it is also well-known 
that cement-treated soil tends to be brittle (e.g. Xiao et al. 2014). In view of 
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this, it is possible that stiffness degradation in cement-treated soil may occur at 
much more rapid rate than natural soils. If this is indeed so, then the 
assumption that the degradation relation is the same is clearly not conservative 
and needs to be looked into.  
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1.3 Objective and Organization of Thesis 
The main objective of this study is to explore the small-strain behaviour of 
cement-treated Singapore marine clay by determining the small-strain shear 
modulus accurately. Then a framework would be developed for modelling the 
small-strain behaviour of cemented clay. The organisation of the thesis is as 
follows:  
Chapter 1 introduces the background and importance of the study. A brief 
introduction about soil’s behaviour with shear strain change is also highlighted. 
Chapter 2 gives a comprehensive literature review of previous studies about 
cement stabilisation and shear stiffness of cemented soil. Outstanding issues 
and scope of current study are also pointed out. 
Chapter 3 describes the properties of materials used, sample preparation, 
experimental set-up and test procedure.  
Chapter 4 presents the results of the maximum shear modulus of cement-
treated clay.   
Chapter 5 shows the results about the strain-dependent shear modulus and 
damping ratio of cemented clay.   
Chapter 6 summarises the important findings and presents the proposal for 








Table 1.1 Relationships between E50 and qu of improved soils  
References Relationship 
Kawasaki et al. (1984) E50=350 to 1000qu 
Gallavresi (1992) E50=200 to 1000qu 
Futaki et al. (1996) E50=100 to 250qu 
Asano et al. (1996) E50=140 to 500qu 







Figure 1.1 Singapore geological deposits. 
 
 






Chapter 2 Literature Review 
 
2.1 Concepts about Cement Stabilization  
2.1.1 Mechanism of Cement Stabilisation  
The main constituents of Ordinary Portland Cement (OPC) are tri-calcium 
silicate (C3S), di-calcium silicate (C2S), tri-calcium aluminate (C3A) and 
tetracalcium alumina-ferrite (C4AF). To illustrate the concept of cement 
stabilisation in detail, C3S will be taken as an example since it is the main 
constituent of OPC. Cement stabilisation is regulated by two main chemical 
processes. The first one is the hydration reaction, which will happen 
immediately after OPC contacts with water, as illustrated by Equation 2.1. 
Hydration reaction will result in the formation of primary cementitious 
products, namely hydrated calcium silicates CSH (C2SHx, C3S2Hx) and 
hydrated lime Ca(OH)2 . The formation of CSH causes a rapid gain in strength 
of the cementitious matrix. Concurrently, the hydrolysis of Ca(OH)2 will 
produce Ca2+ and OH- ions, resulting in a rise in the alkalinity of the water, as 
shown by Equation 2.2 (Mindess et al., 2003).  
                                    3 2 22C S+H O CSH Ca OH                                                (2.1) 
                                    2
2
Ca OH Ca 2 OH
                                                  (2.2) 
 
The presence of calcium hydroxide leads to the secondary reaction, which is 
the other main reaction and occurs in clay only (Saitoh et al., 1985). As shown 
in Equation 2.3 and 2.4, once the pore water contains sufficiently high 
concentration of OH- ions, the alkaline environment promotes the dissolution 
of silica SiO2 and alumina Al2O3 from the clay. Ca2+ ions will then react with 
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the decomposition products to produce more hydrated calcium silicates CSH 
and calcium aluminate hydrate CAH, Equation. 2.3 and 2.4.  
                                  2 2Ca 2 OH SiO CSH
                                              (2.3) 
                                  2 2 3Ca 2 OH Al O CAH
                                           (2.4) 
These secondary cementation products contribute to the long-term strength 
development of cement-treated soil. Other constituents of OPC such as C2S 
and C3A will also contribute to the production of CSH and CAH through both 
hydration and pozzolanic reactions (Kezdi, 1979).   
The phenomenon of structure has been observed in various kinds of natural 
soils and even weak rocks (e.g. Mitchell, 1976; Cuccovillo and Coop, 1999). 
Burland (1990) described the term “structure” as the combination of bonding 
(i.e. inter-particle cementing), such as cementitious bonds, and fabric (i.e. the 
arrangement and distribution of the soil particles). The structure of cement-
treated soil has been investigated by various researchers (e.g. Hirai et al., 1989; 
Coop and Atkinson, 1993; Huang and Airey, 1998; Kasama et al., 2000; 
Malandraki and Toll, 2000; Consoli et al., 2000; Schnaid et al., 2001; 
Kamruzzaman, 2002; Rotta et al., 2003; Chew et al., 2004; Chin, 2006), and it 
is different from the structure of natural soils (Lerouiel and Vaughan, 1990; 
Burland, 1990; Nagaraj et al., 1998; Liu and Carter, 1999; Asaoka et al., 2000; 
Baudet and Stallebrass, 2004; Low et al., 2008). Saitoh et al. (1985) proposed 
a schematic illustration of the evolution of soil-cement mixture structure 
during hardening, Figure 2.1. It can be seen from Figure 2.1 that the hydration 
reaction only has effect on the cement slurry, and it will form the hardened 
cement bodies. The pozzolanic reaction also involves the clay particles, which 
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could also form the hardened soil bodies. Saitoh et al.’s (1985) structural 
concept is consistent with that suggested by Kezdi (1979), which states that 
the soil-cement skeleton matrix consists of hydrated cement as core and 
adjacent clay particles are bonded by the secondary cementitious products 
from pozzolanic reactions. Kezdi (1979) also concluded that the inter-particle 
bond strength of a soil-cement matrix has a strong relationship with the 




2.1.2 Factors Influencing the Strength of Cement-Treated Soil  
Over the past decades, the strength properties of cement-treated soils have 
been extensively investigated and well-established (e.g., Kauschinger et al. 
1992; Uddin et al. 1997; Kamruzzaman et al., 2009; Lee et al., 2005; 
Horpibulsuk et al., 2011; Xiao et al., 2014; Kang et al., 2016). There are 
numerous factors affecting the strength of cement-treated soils, and a great 
many of work has been done to investigate the influence of these factors 
(Ahnberg, 1996; Nagaraj et al., 1996; Gotoh, 1996; Lee et al., 1997; Uddin 
etal., 1997; Yin and Lai, 1998; Bergado et al., 1999; Miura et al., 2001). 
Terashi (1997) summarised the factors affecting the strength of improved soils, 
including characteristics of stabilizing agent and soil, mixing conditions and 
curing conditions. Generally, the strength of improved soil increase with the 
cement content (e.g. Uddin et al., 1997; Consoli et al., 2000; Kamruzzaman, 
2002; Consoli et al., 2009; Xiao et al., 2014). However, the increase in 
strength is not proportional to the cement content (Kawasaki et al., 1981). 
Instead, the unconfined compressive strength was found to be dependent on 
both the soil-cement ratio (s/c) and the water-cement ratio (w/c) (Lee et al., 
2005). Babasaki et al. (1981) reported that, for a specific soil, the lower the 
total water content, the higher the unconfined compressive strength. 
Kamruzzaman et al. (2009) also reported that the unconfined compressive 
strength of cement-treated clay increases with curing time, even up to a period 
of 1 year. The influence of curing temperature on the strength of treated soil 
was also studied by Enami et al. (1986), who reported that a higher curing 
temperature generally led to higher unconfined compressive strength.  
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2.2 Stiffness of Cement-Treated Soil  
The stiffness of cement-treated soil is commonly assumed to be proportional 
to its strength (Lu, 2011). However, many of the studies used external strain 
measurement which underestimates the stiffness. Because of this, it is often 
uncertain as to what level of strain the stiffness measurement pertains to. To 
date, limited efforts have been put on the investigation of stiffness 
characteristics of cement-treated soils, especially at small strain levels. The 
discussion below on stiffness of cement-treated soil will be sub-divided into 
two parts. The first part discusses previous studies on maximum shear 
modulus of untreated soil and cement-treated soil. Then, reported findings on 
the degradation of shear modulus with strain and relevant stress-strain models 
will be reviewed. 
2.2.1 Maximum Shear Modulus  
2.2.1.1 Natural Soil 
The main factors affecting the maximum shear modulus of natural clay 
include mean effective stress p’, void ratio e and overconsolidation ratio OCR. 
Numerous empirical relationships for maximum shear modulus Gmax have 
been suggested by researchers. For clay, Viggiani and Atkinson (1995) 
proposed that:  
                                             
,





                                               (2.5) 
where pr is the reference pressure of 1kPa. The stiffness parameters A, n and m 
are dimensionless fitted parameters and related to the nature of the soil. For 




Based on Equation 2.5, Hoyos et al. (2004) proposed that: 
                                              max ( )
BG A p ，                                                (2.6) 
in which the constant B represents the susceptibility of soil to the change of 
mean effective stress.  
Chong (2002) and Ho (2014) suggested Equations 2.7 and 2.8 for Singapore 
lower and upper marine clay, respectively. 
                                           
, 0.9
max 425( )G p                                               (2.7) 
                                          
, 0.85
max 478( )G p                                                (2.8) 
Concerning the effect of void ratio, Hardin and Black (1969) proposed an 
equation based on the study of normally consolidated clay: 
                                   2 0.5max 2.63 2.17 / (1 )G e e p                            (2.9) 
where e is the void ratio and p is the conﬁning pressure. 
In addition, modified equation based on Hardin and Black’s work (1969) has 
been widely adopted for characterizing the maximum shear modulus of soils: 
                                                     
'




G Af e OCR
p
                                     (2.10) 
where Gmax is the maximum shear modulus in MPa, e means void ratio of soils, 
OCR is the overconsolidation ratio, p’ is the mean effective stress in kPa, pref 
is a reference pressure equal to the atmospheric pressure of 100kPa, A, k and m 
are the fitting parameters. And Table 2.1 summarized by Benz (2007) 
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demonstrates some published relationships based on Equation 2.10 to quantify 
maximum shear modulus of clay. 
2.2.1.2 Cement-Treated Soil  
Effect of Cement Content  
Chiang and Chae (1972) investigated the shear modulus and damping ratio of 
Type I Portland cement stabilized silty clay with resonant column apparatus. 
They proposed that maximum shear modulus Gmax of cement-treated clay can 
be fitted using the relationship: 
 2 3 4 0.45max 0 1269 2784 1826 440 37G G CC CC CC CC CC p          (2.11) 
where G0 is the maximum shear modulus of untreated clay, CC is the cement 
content by weight and p is the conﬁning pressure. Equation 2.11 indicates that 
the maximum shear modulus of cement-treated clay is higher than that of 
untreated clay due to the addition of cement.  
Yang (2008; 2015) measured the small-strain shear modulus of three kinds of 
clay (kaolin-K, bentonite-B, and an equal mix of kaolin and bentonite-KB) 
treated with type III Portland cement or gypsum. In the study, the wet cement 
content cc was defined as the mass of cement divided by the mass of wet clay 
(dry clay plus water), while dry cement content CC was defined as the mass of 
cement over that of dry clay. So that:  
                                                           (1 )CC cc w                                            (2.12) 
where w is the water content. As Figure 2.2 shows, the maximum shear 
modulus does not increase linearly with cement content and the rate of 
increment also depends on the type of cement. Based on the model SimSoil 
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(Pestana and Salvati, 2006), Yang and Woods (2015) proposed that Gmax can 
be fitted by the relationship: 
                                        
*





G e a CC
p p
    
 
                             (2.13) 
where atp  is the atmosphere pressure, bG  is the constant characterizing the 
maximum shear modulus, e  is the void ratio, cca is a cement material constant 
considering the type of cement agent and process and 
*p  is the effective stress.  
Effect of Curing Period 
Curing parameters (e.g. curing time, temperature and humidity) have also been 
reported to affect the stiffness of cement-treated soil. Among these curing 
variables, curing time is often the dominant factor as the cementitious products 
need time to be formed. Flores et al. (2009) investigated the effect of curing 
time on maximum shear modulus of Kaolin clay treated with Portland cement 
(CEM І) and blast furnace slag cement (CEM ІІІ/B), as demonstrated in 
Figure 2.3. The rate of increase in strength is different for the two types of 
cement. For the same cement content and curing period, the maximum shear 
modulus of CEMІІІ/B-treated clay tends to be higher than that of CEMІ-
treated clay. By normalizing the shear modulus at any point of time by its 28-
day value, approximately log-linear relationships can be obtained, Figure 2.4.  
Fatahi et al. (2013) used bender element test to evaluate shear wave velocity 
and maximum shear modulus of soft soil (kaolinite and bentonite) improved 
by Portland cement (type І) and reinforced with fibre (polypropylene and 
recycled carpet). The specimens were cured up to 67 days and tested at various 
curing periods. Figure 2.5 illustrates the development of the maximum shear 
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modulus with curing time for polypropylene-reinforced kaolin mixed with 
cement. It should be indicated that polypropylene fibre does not absorb much 
water during the hydration process so that it does not have any chemical effect 
on the hardening process of the mixture. The influence of curing period on 
maximum shear modulus in this study is similar to that reported by Flores et al. 
(2009). There is a trend of maximum shear modulus increasing up to and after 
the maximum monitored curing time of 67days. This is readily attributed to 
the slower pozzolanic reaction.  
Hsiao et al. (2016) conducted resonant column and cyclic triaxial tests on 
sands grouted with ordinary Portland cement (CG), silicate-cement (SCG) and 
silicate (SG). The volumetric content of chemical stabilizer is 3.5% and 5% 
for each type of grout. Figure 2.6 shows the relationships between the 
maximum shear modulus and curing time for these three types of grouted 
sands. It shows that the maximum shear modulus of sand grouted with either 
cement or sodium silicate-cement increases with curing time, especially for 
the curing period between 3 and 28days, this being similar in trend to the 
results of Flores et al. (2009) and Hsiao et al. (2016). Much of the increase in 
maximum shear modulus takes place in the first month. Thereafter, the 
increase in maximum shear modulus is much slower; this being attributable to 
the absence of pozzolanic reaction between the chemical stabilizer and sand. 
Another possible reason is the low cement content used. The maximum shear 
modulus of sodium silicate grouted sand is less than that of clean sand and it 
remains virtually constant with curing time.  
In summary, for soil treated with Portland cement (type І), the maximum shear 
modulus increases with the curing period up to several months, owing to the 
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pozzolanic reaction. However, the rate of increase moderates with time 
(Bergado et al., 1996).  
Effect of Confining Pressure 
Chiang and Chae (1972) concluded that the conﬁning pressure only has a 
limited eﬀect on the stiffness properties of cement-treated clay. The pressure 
effect index of 0.45 in their study for cement-treated clay is less than those 
indices of clay above, which could indicate that the effect of confining 
pressure on cement-treated clay was not as significant as that on untreated clay. 
Figure 2.7 from Yang (2008) also demonstrates that the confining pressure has 
a smaller influence on maximum shear modulus of cement-treated clay 
comparing to the untreated clay. But he also stated that the effect of confining 
pressure may be greater if the cement content is lower or the confining 
pressure is higher than the parameters used in his study. Similar finding about 
the confining pressure was also reported by Bahador and Pak (2012). Figure 
2.8 exhibits the variation of maximum shear modulus versus conﬁning 
pressure for specimen with varied cement contents and different water 
contents. Other studies (e.g., Acar and El-Tahir, 1986; Delfosse-Ribay et al. 
2004; Mohsin, 2008) indicate that maximum shear modulus of cement-treated 
sands increased with effective confining stress throughout the applied range. 
Delfosse-Ribay et al. (2004) studied the dynamic properties of three different 
grouted sands under various confining pressures. As Figure 2.9 shows, the 
shear modulus increases continuously with conﬁning stress for pure sand as 
well as the three types of grouted sand, for confining pressure from 0kPa to 
300kPa. It should be indicated that the micro-fine cement grout and the 
mineral grout were cured in a moisture room for 28days, while the silicate 
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grout was cured for 7days as it could get the maximum unconfined shear 
strength after 7days curing.In contrast to the above studies, others (e.g., 
Dvokin et al., 1991; Cuccovillo and Coop, 1997; Baig et al., 1997; Fernandez 
and Santamarina, 2001; Sharma 2004; Trhlíková et al., 2012) concluded that 
the maximum shear modulus of cement-treated soils was independent of 
effective confining stress until yield stress was reached. After yield stress, 
maximum shear modulus tends to increase markedly with the increasing 
effective confining stress, as shown in Figure 2.10 from Trhlíková et al. 
(2012).  
Effect of Void Ratio 
Chiang and Chae (1972) stated that the eﬀect of void ratio is more signiﬁcant 
than that of conﬁning pressure on the shear modulus of cement-treated clay. 
Figure 2.11 from Yang (2008; 2015) shows that the maximum shear modulus 
of treated clays decreases significantly as void ratio increases, this being 
similar to the behaviour of untreated soil. This is also reflected in Equation 
2.13, which that the maximum shear modulus of cement-treated clay is 
negatively correlated to void ratio. However, void ratio and confining pressure 
are considered to be separate factors in Equation 2.13. In fact, these two 
parameters are related to each other, and usually the void ratio will decrease 
with the increase of confining pressure. 
Relationship between Maximum Shear Modulus and Unconfined Compressive 
Strength 
The maximum shear modulus is often correlated to the unconfined 
compressive strength, as it is easier to get the value of qu in laboratory 
compared with the obtaining of Gmax. For cement-treated Singapore marine 
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clay, Lua (2000) reported that the range of Gmax/qu is around 666 to 1081 and 
the following empirical relations for Gmax and qu was proposed:  
                                                
0.8
max 1900 uG q                                      (2.14) 
Yong (2002) found that the ratio of Gmax/qu ranges between 725 and 1167, also 
an equation for predicting Gmax based on qu value was developed:  
                                               
1.1
max 1000 uG q                                      (2.15) 
Consoli et al. (2012) proposed that the porosity:cement ratio is an appropriate 





2.2.2 Decrease in Shear Modulus with Strain 
Numerous studies on natural soils have demonstrated that the relationship 
between shear modulus and shear strain of clay has the form of a reverse S-
curve, as illustrated in Figure 2.13 (e.g. Vucetic and Dobry, 1991; Kagawa 
1992; Hardin and Drnevich, 1972a and 1972b; Ishibashi and Zhang, 1993; 
Kokusho et al., 1982). The influence of various factors on the normalized 
shear modulus (G/Gmax) versus strain curves has also been well-documented 
(e.g. Seed and Idriss 1970; Vucetic and Dobry, 1988; Towhata 2008). This, as 
well as the factors influencing the shear modulus degradation for cement-
treated soils will be discussed below. 
2.2.2.1 Shear Modulus Degradation of Soil 
Effect of Plasticity Index 
Vucetic and Dobry (1991) concluded that plasticity index (PI) is an important 
factor affecting the shape of modulus degradation curves. This was also 
reported by Okur and Ansal (2007). As shown in Figure 2.14, the normalized 
shear modulus curve gradually moves to the right as the increase of plastic 
index. According to Towhata (2008) and Ho (2014), there are more chemical 
and electric interactions between clay particles when PI is higher, which 
would lead to slower attenuation of shear modulus. 
Effect of Confining Pressure  
Although the conﬁning pressure has a significant eﬀect on the maximum shear 
modulus of clay, it seems to only have a limited effect on the shear modulus 
degradation response with respect to strain level (e.g. Kokusho 1980; Kim and 
Novak 1981; Sun et al. 1988; Guha, 1995; Towhata, 2008; Ho, 2014). Figure 
2.15 demonstrates the test results from Kokusho et al. (1982) on four different 
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undisturbed cohesive soils with plasticity index from 38 to 56. It is shown that 
there is almost no influence of mean effective stress on the normalized shear 
modulus degradation curves, for the applied confining pressure from 45kPa to 
500kPa.  
On the other hand, the confining pressure appears to have a more significant 
effect on the modulus degradation curve of sands. Iwasaki et al. (1978) 
performed both resonant column and torsional shear tests on saturated clean 
sand under drained conditions by using hollow specimens. As Figure 2.16 
shows, high confining pressure lead to slow rate of degradation for shear 
modulus of sands. This is also confirmed by Laird and Stokoe (1993), who 
measured the shear modulus degradation curves for isotropically consolidated 
sand specimens with mean effective stress up to 1766kPa, as shown in Figure 
2.17. One possible explanation for this difference is that sand is often under a 
drained condition. At higher confining pressure, the loss of cementitious bonds 
may be moderated the higher level of friction.  
Effect of Void Ratio 
Soil with higher plasticity index tends to have a more open structure and thus a 
larger void ratio (Yoon, 2007). Therefore, void ratio should exert a similar 
influence on shear modulus as plasticity index. Results obtained from previous 
studies (e.g. Stokoe and Lodde, 1978; Lodde, 1980; Sun et al., 1988; Ho, 2014) 
indicate that the higher the void ratio, the slower is the rate of decrease in 




2.2.2.2 Shear Modulus Degradation of Cement-Treated Soil 
Effect of Cement Content 
Using resonant column tests, Yong (2002) investigated the effects of variables 
such as cement content (c/s), water content (w/s) and curing period on the 
shear modulus of cement-treated Singapore marine clay. As Figure 2.19 shows, 
for a given w/s ratio, the shear modulus decreases with the increase of shear 
strain, which indicates the stiffness loss of cement-treated clay when strain 
increases. For a given strain level, the shear modulus increases as cement 
content increases. Furthermore, as Figure 2.20 shows, the shear modulus of 
sample begins to decrease at smaller strain level as the cement content 
increased from 15% to 40%, and the normalized shear modulus curve shifts 
leftwards. One possible reason is that as cement content increase, the 
specimen tends to become more brittle although there is an increase in its 
compressive strength and stiffness, and higher brittleness results in less linear 
elastic strain threshold. Similar conclusion was also found by Yang (2008). 
Three cement contents, viz. 2.5%, 5% and 7.5%, were used for the unconfined 
resonant column tests, it was also found that the shear modulus of sample with 
higher cement content began to decrease at lower strain, as shown in Figure 
2.21.  
The above findings could also be explained by plasticity index (PI). From 
Figure 2.22, the PI of clay will decrease with adding of cement (Kamruzzaman 
et al., 2009; Saadeldin and Siddiqua, 2013). In other words, specimen of 
cement-treated clay with higher cement content would have lower PI. As 
stated by Vucetic and Dobry (1991), the normalized shear modulus 
degradation curve shifts leftwards as PI decreases.  
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Many studies have noted that water content has the opposite effect to that of 
cement content; with stiffness decreasing as water content increases (e.g. Yang, 
2008). Hoyos et al. (2004) conducted a series of resonant column tests on 
expansive sulfate-rich clay improved with different cementitious binders. As 
shown in Figure 2.23, the normalized shear modulus attenuation curve right-
shifts with decreasing water content. Similar trend could also be found in 
Figure 2.24 from Yang and Woods (2015). 
Effect of Curing Period 
Yong (2002) investigated cement-treated clay samples with the same mix ratio 
and cured for various periods (7, 14, 21 and 28 days). The cement content was 
fixed at 20% and water:soil mass ratio (w/s) was kept as 120%. This is 
equivalent to a mix ratio (s:c:w) of 5:1:6. As shown in Figure 2.25, the shear 
modulus increases with curing period but at a decreasing rate with respect to 
strain, for the applied strain range between 10-5 and 10-4. This is consistent 
with the increase in maximum shear modulus with curing period (Kawasaki et 
al., 1984; Uddin et al., 1997).  
As Figure 2.26 shows, the shear modulus of sample with longer curing period 
begins to decrease at lower strain level. Similar observations were also 
reported by Kim et al. (2011) about curing time effect on the normalized shear 
modulus. Figure 2.27 shows that the behaviour of cement-treated clay is 
essentially elastic within a very small strain regime less than 0.01%. Once the 
shear strain is larger than the elastic strain threshold, the shear modulus of 
specimens with a longer curing time would decline more suddenly than those 
cured for a shorter duration. This suggests that specimens with longer curing 
period may be more brittle, albeit stronger. 
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Effect of Stabilizing Agent 
Using resonant column tests and cyclic triaxial test,Delfosse-Ribay et al. (2004) 
measured the stiffness changes of sand grouted with 3 different chemicals, 
namely silicate grout, mineral grout and micro-ﬁne cement grout. As Figure 
2.28 shows, when the shear strain is less than 210 % , the grout type has a 
considerable effect of on the stiffness of grouted sand. Sand grouted with 
micro-ﬁne cement and mineral has higher modulus than sand grouted with 
silicate. For strains larger than 210 % , the shear modulus of the three grouted 
sands are almost the same and come close to that of pure sand, indicating that 
the bonds between grains of sand and grout had largely destroyed. Similar 
observations were reported by Clough et al. (1981) for cement-treated sand. 
Furthermore, as Figure 2.29 shows, the modulus of the stiffer specimens starts 
to decrease at smaller strain level than the softer specimen.  
Effect of Conﬁning Pressure 
Acar and El-Tahir (1986) examined the low stain dynamic properties of 
artificially cement-treated sand using resonant column tests. As shown in 
Figure 2.30, the confining pressure has insignificant influence. A similar trend 
was reported by Yang (2008) on type III Portland cement-treated clay, Figure 
2.31 for cement content between 2.5% and 7.5%, water content between 50% 
and 500% and confining pressures between 0 and 400kPa.  
Effect of Void Ratio 
Yang (2008) also studied the effect of void ratio on shear modulus reduction 
curves of both pure clay and cement-treated clay. As seen in Figure 2.32, the 
shear modulus of samples with higher void ratio tends to reduce more 
gradually with the shear strain. Moreover, the inﬂuence of the void ratio on the 
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shear modulus reduction curve of cement-treated clay is smaller than that on 
untreated clay. The influence of void ratio also seems to be dependent upon 
water content. This is partially because the voids are occupied by the residual 
water leftover from hydration reaction inside of the cement-soil-water mixture.  
Damping Ratio 
The damping ratio usually increases with strain level, forming a S-shaped 
curve as illustrated in Figure 2.33 (e.g. Vucetic and Dobry 1991; Kagawa 
1992; Hardin and Drnevich 1972a and 1972b; Ishibashi and Zhang 1993; 
Kokusho et al., 1982). Acar and El-Tahir (1986) reported that an increase in 
cement content would cause substantial decrease in damping ratio, Figure 2.34. 
Saxena et al. (1988) also reported that higher confining pressure on cement-
treated sands leads to a lowering of the damping ratio curve and a higher 




2.2.2.3 Relationships for Change in Modulus with Strain  
This section discusses relationships which have been proposed to describe the 
change in modulus with strain. The discussion does not include elasto-plastic 
constitutive models, which have been adequately covered by Xiao et al. (2016). 
Delfosse-Ribay et al. (2004) used a hyperbolic relation to represent the decay 
of shear modulus with shear strain for three kinds of grouted sand. Hyperbolic 
models (e.g., Duncan and Chang, 1970; Hardin and Drnevich, 1972a; Pyke, 
1979; Stokoe et al., 1999) have been widely accepted for describing the 
nonlinear behaviour of soils under cyclic loading.  
It is illustrated from Figure 2.36 that hyperbolic model assumes that any 
stress-strain curve of soil is bounded by two tangential straight lines at small-
strain and at large-strain level, and the stress-strain curve could be 
characterized by a hyperbola asymptotic to the maximum shear stress max  
(Hardin and Drnevich, 1972a). The initial slope of the hyperbolic curve is the 
maximum shear modulus Gmax. The reference strain r  is defined as the shear 
strain   at the intersection between the line through origin with slope of Gmax 
and the horizontal line of max  , as shown in Figure 2.36.  





                                                      (2.16) 
According to Hardin and Drnevich (1972a), the usual form for hyperbolic 
stress-strain relation is:  














                                               (2.17) 
Dividing the left and right sides of Equation 2.17 by  , the left side of the 
equation will be the secant modulus /G   . Then the normalized shear 
modulus relationship according to hyperbolic model by dividing Gmax and 
compiling Equation 2.16, as shown follows: 
                                         
max
1





                                             (2.18) 
Reference strain r  is the only curve-fitting parameter for the simple 
hyperbolic model, which always leads to the poor fitting of test data. For 
improving the quality of curve-fitting, Stokoe et al. (1999) developed the 
following modified hyperbolic model: 
                                            
max
1





                                       (2.19) 
in which, r  is the shear strain where max/ 0.5G G   and   is the coefficient 
which has an impact on the curvature of normalized shear modulus 
degradation curve (Darendeli, 2001). 
Delfosse-Ribay et al. (2004) proposed a modified form of the hyperbolic 
relation given by: 
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to describe the modulus decay with strain, where A, B and C are empirically 
fitted model parameters. Hoyos et al. (2004) also proposed a generalized 
hyperbolic relationship given by: 










                                          (2.21) 




2.3 Outstanding Issues and Scope of Study 
Table 2.2 summarizes the study on stiffness of cement-treated soil. Current 
limitations and knowledge gaps can be summarized as follows 
(a) Roughly half of these studies deal with cement-treated sand. The number 
of studies on cement-treated clay is relatively limited. In particular, only 
Subramaniam and Banerjee (2015) deal specifically with cement-treated 
marine clay. 
(b) Most of them deal with cement content below 20%. Higher cement content 
remains relatively unknown to date. For soil stabilization works, cement 
content of 20% or higher are often used (Gallavresi, 1992; Uddin et al., 1997, 
Melentijevic et al., 2013).  Jet grouting works can involve cement content over 
50% (Lee et al., 2005). To date, the studies on shear stiffness of cement-
treated soils with high cement content (up to 50%) have still not been found in 
the literatures. Although Yong (2002) conducted some preliminary study 
about strain-dependent stiffness of cement-treated Singapore marine clay, the 
study of was also limited to relatively low cement content and no confining 
pressure applied. Furthermore, the modulus reduction curves from Yong (2002) 
were obtained using solid sample for resonance column test wherein the strain 
states are non-uniform, the same to the study of Yang (2008). And the results 
obtained from resonant column tests from Yong (2002) were not validated by 
other testing methods, like bender element test or local strain measurement. 
Moreover, damping ratio was not considered in his study. 
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(c) Relationships for maximum shear modulus consider either cement content 
(e.g. Yang and Woods, 2015) or curing period (e.g. Flores et al., 2009). More 
general relationships which consider all relevant factors remain unavailable. 
(d) The majority of these studies focused mainly on the maximum shear 
modulus maxG . Stiffness degradation and damping ratio of cement-treated clay 
with strain are still not well-studied. In particular, factors affecting the 
stiffness degradation curve are still not well studied. 
In summary, parametric investigations remain sketchy and the data available 
to date are insufficient to enable the development of a coherent framework for 
small strain behaviour of cement-treated soil. Therefore, the purpose of this 
study is to conduct a comprehensive evaluation on the small-strain stiffness of 
cement-treated Singapore marine clay. In view of the above issues, the scope 
of study is as follows 
1. To study the evolution of shear modulus of with strain for cement-treated 
clay by using three different methods, namely bender element, resonant 
column and local strain tests. The objective here is to permit comparison 
between results from these tests to ensure reliability of experimental results.  
2. Conducting a comprehensive parametric investigation on the parameters 
(e.g., cement content, water content, curing period, stress state, and stress 
history) affecting the small-strain shear modulus of cement-treated Singapore 
marine clay. 
3. To quantify the effect of factors affecting the maximum shear modulus of 
cement-treated Singapore marine clay.  
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4. To establish relationships for characterizing the strain-dependent behaviour 
of cement-treated Singapore marine clay to the various factors, including the 





Table 2.1 Relationships for maximum shear modulus of clay (Benz, 2007) 
Publications Soil Type PI (%) A f(e) k m 
Lo Presti and Jamiolkowski (1998) Avezzano clay 10-30 74 e-1.27 N/A 0.46 
Lo Presti and Jamiolkowski (1998) Garigliano clay 10-40 44 e-1.11 N/A 0.58 
Lo Presti and Jamiolkowski (1998) Montaldo di Castro clay 15-34 50 e-1.33 N/A 0.4 
Rampello et al. (1998) Vallericca clay 27 44 1 0.2 0.85 
Marcuson and Wahls (1972) Kaolin clay 35 45 (2.97-e)2/(1+e) N/A 0.5 
Lo Presti and Jamiolkowski (1998) Pisa clay 23-46 50 e-1.43 N/A 0.44 
Lo Presti and Jamiolkowski (1998) Panigaglia clay 44 52 e-1.3 N/A 0.5 
Lo Presti and Jamiolkowski (1998) Fucino clay 45-75 64 e-1.52 N/A 0.4 
Marcuson and Wahls (1972) Bentonite 60 4.5 (4.4-e)2/(1+e) N/A 0.5 




Table 2.2 Summary of research on small-strain shear modulus of cemented soil 
Publications Apparatus Cement type Soil type Aw (%) t (days) р҆ (kPa) Other factors  Parameters  
Acar and El-Tahir, 1986 RC Portland cement (type І-ІІ) Monterey No. 0 sand 1-4 14 10-400 ρ, e Gmax, G, D 
 Saxena et al., 1988 RC Portland cement (type І) Monterey No. 0 sand 2 15 49-588 ρ Gmax, G, Emax, E, DS, DL 
Baig et al., 1997 BE, RC Portland cement (type І-ІІ) Ottawa sand 1-5 6 70-700 ρ Gmax 
Sharma and Fahey, 2003 CT CIPS Calcareous soil N/A N/A 50-1000 N Gmax, G 
Delfosse-Ribay et al., 2004 RC, CT Micro-ﬁne cement Fontainebleau sand NE34 N/A 28 5-300 ST Gmax, G, DS 
Hoyos et al., 2004 RC Portland cement (type V) Sulfate rich clay 5-10 7 17.25-138 ST Gmax, G, DS 
Puppala et al., 2006 BE Portland cement (type І) Sulfate-bearing expansive soils 5-10 0-3 0 ST Gmax 
Flores et al., 2009 BE 
Portland cement (type І) and blast 
furnace slag cement 
Kaolin clay 5-20 7 0 ST Gmax 
Yang and Salvati, 2010 BE, RC Portland cement (type ІІІ) Ottawa, Monterey and Michiana sands 2.5-7.5 14 0-500 ST, e Gmax, G, DS 
Bahador and Pak, 2012 BE Portland cement Kaolin clay 3-8 7-28 0-300 N/A Gmax 
Consoli et al., 2012 BE Portland cement (type ІІІ) Silty sand 2-7 6 0 N/A Gmax 
Pantazopoulos and Atmatzidis, 2012 BE, RC Portland cement (type І) Limestone sand N/A 28 50-400 ST. w/c Gmax, G, Emax, E, DS, DL 
Trhlíková et al., 2012 BE Portland cement Kaolin clay 4 3 0-400 N/A Gmax 
Fatahi et al., 2013 BE Portland cement (type І) Kaolin clay, bentonite 10-50 0-67 0 F Gmax 
Yang and Woods, 2015 BE, RC Portland cement (type ІІІ) Kaolin clay, bentonite 2.5-7.5 14 0-400 e, w Gmax, G, DS 
Hsiao et al., 2016 RC, CT Portland cement (type І) Sand 3.5-5 3-91 50-200 ST Gmax, G, DS 
Subramaniam and Banerjee, 2015 RC, CT Portland cement Marine clay 0-10 28 100-300 N/A Gmax, G, DS 
Note: BE means bender element; RC means resonant column; CT means cyclic triaxial apparatus; CIPS means a chemical cementation system developed by CSIRO Australia; Aw means cement content; N/A means not available; t means 
curing period; р҆ means effective confining pressure; Gmax means maximum shear modulus; Emax means maximum Young’s modulus; G means strain-dependent shear modulus; E means strain-dependent Young’s modulus; DS means shear 








Figure 2.1 Schematic for the structure of the soil-cement mixture (Saitoh, 1985) 
 
 
Figure 2.2 Model predicted and measured maximum shear modulus (Yang and Woods, 2015) 
 
  
Figure 2.3 Variation of maximum shear modulus with curing period for Kaolin clay treated 
with Portland cement and blast furnace slag cement (Flores et al., 2009). G0 represents the 









Figure 2.4 Normalized maximum shear modulus versus curing time for kaolin clay treated 
with Portland cement and blast furnace slag cement (Flores et al., 2009) 
 
 
Figure 2.5 Variation of Gmax with curing time for polypropylene-reinforced kaolin treated 
with (a) 10% cement and (b) 15% cement (Fatahi et al., 2013) 
 
 
















Figure 2.7 Effect of conﬁning pressure on Gmax of cemented clay (Yang, 2008) 
 
 
Figure 2.8 Variation of G0 with conﬁning pressure for specimen with (a) 7 days and (b) 28 
days curing time (Bahador and Pak, 2012) 
 
 
Figure 2.9 Evolution of maximum shear modulus from resonant column test with conﬁning 







Figure 2.10 Maximum shear modulus plotted against mean effective stress measured on 




Figure 2.11 Effect of void ratio on maximum shear modulus for untreated and treated clays 











Figure 2.12 Relations between G0 and qu for two cemented soils (uniform sand and very well-
graded silty sand) with adjusted porosity/cement ratio (Consoli et al., 2012: η represents 
porosity and Civ means cement content).  
 
 




Figure 2.14 Influence of plasticity index on normalized shear modulus curves (Okur and 








Figure 2.15 Influence of mean effective stress on normalized shear modulus curves (Kokusho 
et al., 1982; Ho, 2014) 
 
 
Figure 2.16 The effect of confining pressure on normalized modulus reduction curve for 
Toyoura Sand (Iwasaki et al., 1978; Darendeli, 2001) 
 
 
Figure 2.17 Effect of conﬁning pressure on shear modulus degradation curves for dry 








Figure 2.18 Effect of void ratio on normalized shear modulus (Sun et al., 1988) 
 
 
Figure 2.19 Effect of cement content on shear modulus of cemented clay (Yong, 2002) 
 
 







1.00E-06 1.00E-05 1.00E-04 1.00E-03
Shear Strain (Log)
G0 (MPa) (Log)
  0.15     1.2      8
  0.20     1.2      6
  0.25     1.2      4.8
  0.30     1.2      4
  0.35     1.2      3.4
  0.40     1.2      3
             c/s     w/s     w/c












































Figure 2.21 Eﬀect of cement content on the normalized shear modulus reduction curves of 
cemented clay (Yang, 2008). 
 
 























Figure 2.23 Effect of water content on the shear modulus degradation for specimens treated 
with: (a) 5% type V cement; (b) 10% type V cement; (c) class F ﬂy ash; and (d) lime and 
ﬁbers (Hoyos et al. 2004) 
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Figure 2.26 Effect of curing period on generalized modulus (Edited from: Yong, 2002) 
 
 
Figure 2.27 Effect of curing time on normalized shear modulus (Kim et al. 2011) 
 
 

















































Figure 2.30 Effect of confining pressure on the shear modulus degradation curves for 
cemented sands with various cement content (Acar and El-Tahir, 1986) 
 
 












Figure 2.32 Eﬀect of void ratio on modulus reduction of cemented clay (Yang, 2008) 
 
 
Figure 2.33 Variation of normalized shear modulus and damping ratio (λ) with shear strain 



















Figure 2.34 Effect of cement content on damping ratio (Acar and El-Tahir, 1986) 
 
   
Figure 2.35 Resonant column test results for sand with 25% relative density treated by 2% 
cement content and cured for 15days (Surendra et al., 1988) 
 
 




Chapter 3 Experimental Methodology and Setup 
 
3.1 Materials 
3.1.1 Singapore Marine Clay 
The marine clay used in this study was excavated from a depth of 
approximately 10m at a MRT station construction site around Little India in 
Singapore. The clay belongs to Singapore upper marine clay and is a member 
of the Kallang Formation (Pitts, 1992). The collected clay was stored in its 
natural wet state without pre-drying to avoid significant change in the 
Atterberg’s Limits (Lee et al., 2005). Prior to usage, a 0.3mm sieve was 
adopted to remove coarse particles such as small rocks and shells in the 
natural clay. Then the sieved clay was mixed homogenously and stored into 
air-tight plastic bags. After that, characterization tests were conducted in 
accordance with procedures in BS 1377-2: 1990 Soils for 
Civil Engineering Purposes: Part 2 Classification Tests. The engineering 
properties of clay are summarized in Table 3.1, and the particle distribution 
curve of the clay is shown in Figure 3.1. 
3.1.2 Ordinary Portland Cement 
Ordinary Portland Cement (OPC) is used as a binder for the Singapore marine 
clay in this project. Its chemical composition is given in Table 3.2. Following 
Lee et al. (2005), the mix ratio of cement admixed clay is expressed in terms 
of the ratio of dry soil solid (s): dry cement solid (c): water (w) by mass at the 
time of mixing. Two other common measures of the mix ratio are the cement 
content (Aw) which is defined as the ratio of mass of cement to the mass of dry 
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soil solid (i.e. c/s), and the water content (Cw) which is defined as the ratio of 
mass of water to the total mass of dry soil and cement solids, (i.e., / ( )w s c ).   
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3.2 Sample Preparation Procedure  
Two sample sizes are used herein. Samples measuring 35mm diameter x 
70mm height are used for resonant column tests while sample with 50mm 
diameter x 100mm height are used for bender element test and local strain 
measurement. The sample preparation process follows that used by Chin et al. 
(2004) and is described below. 
The clay was first mixed with de-aired water in an electrical mixer to a slurry 
consistency. The water content of clay was measured immediately after 
mixing. Then the clay was stored in the sealed condition to prevent loss of 
moisture. The prescribed amount of dry cement powder and additional water 
were introduced into the clay. The mixture was then mixed in the Hobart 
mixer for about 10 minutes; this being found to be sufficient to create a 
reasonably uniform mixture while avoiding setting of admixture (Xiao, 2009). 
The admixture was then transferred into lubricated cylindrical polyvinyl 
chloride (PVC) moulds. 
Tan et al. (2002) noted that the presence of air voids has an adverse effect on 
the strength of cement-treated clay. Two measures were taken in order to 
minimize the air voids trapped within the specimen. The first was to use de-
aired water for mixing. The second was by vibrating the mould during 
placement of the mixture. The samples were then covered with filter paper at 
both ends and cured under distilled water at room temperature.  
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3.3 Equipment Setup and Experimental Procedures 
Bender element test (BET) and resonant column test (RCT) as well as local 
strain test (LST) were used to determine the shear modulus of cement-treated 
marine clay under different strain levels. In addition, unconfined compression 
tests were also conducted following the procedures in Eurocode EN 1997-2: 
2010, with a strain rate of 1% per minute, to measure the strength of the 
treated soil. 
3.3.1 Bender Element Test  
Two bender element systems, namely GDS and Wykeham Farrance (WF) 
bender element systems were used herein to measure the maximum shear 
modulus of the soil under both confined and unconfined conditions. The GDS 
bender elements system comprises two bender element inserts with adapted 
top cap and pedestal, external control box, computer data acquisition and 
Windows based control software, as shown in Figure 3.2. Both of the bender 
elements are 0.5 mm thick and 10 mm wide, with a protrusion distance of 1.5 
mm into the specimen. Bender elements are connected to the control box, 
which is also connected to a computer with GDS bender element system 
software. The GDS bender element system can acquire maximum 500000 data 
points per second.  
The WF bender element system includes a pair of bender elements, a TGA 
1241 signal generator, PicoScope diagnostic hardware and computer with 
PicoScope diagnostic software, as demonstrated in Figure 3.3. The thickness 
and width of the bender element inserts are also 0.5mm and 10mm, 
respectively. The penetration length of bender element into soil is 2.5mm. The 
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transmitter is powered by a wave form signal generator and the output signal 
is converted into digital by PicoScope diagnostic hardware and then 
transmitted to PC with the PicoScope diagnostic software. The WF bender 
element system has a maximum data acquisition speed of 1000000 data points 
per second, which is higher than that of the GDS system. 
The detailed test specifications for bender element test in this study are 
summarized in Table 3.3. The testing procedure followed that proposed by 
Yamashita et al. (2009). Prior to conducting bender element test, the mass 
along with dimensions of the specimen of cement-treated clay were measured 
immediately after de-moulding. Then the piezoelectric strips were inserted 
into the pre-formed slots at the top and bottom surface of the specimen. This is 
to create the surface contact between the bender elements and the specimen so 
that the shear wave signals can travel through the specimen properly. Details 
about connection between the inserts and sample will be stated later. 
Time- and frequency-domain methods have been used for travel time 
identification (e.g. Viggiani and Atkinson, 1995, Clayton et al., 2004, Chan, 
2010). However, the former is more widely used as the procedures are 
generally simpler and do not require frequency analysis software. Only the 
time-domain methods of visual picking and cross-correlation will be studied 
herein. The visual picking methods include first peak method and first arrival 
method. With the GDS system, the travel times for the first arrival, first peak 
and cross-correlation methods were automatically computed using the GDS 
BEAT software. The cross correlation method determines the travel time of 
shear wave by evaluating the lag time between the sent and received signals 
which will give the highest correlation, or degree of similarity, between them.  
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Frequency domain methods (e.g. “Cross Spectrum Method”) analyse the 
spectral components of the signals and compare phase shifts of the component 
(e.g. Viggiani and Atkinson, 1995; Chan, 2010). Details about these four 
methods can be found in Chan (2010). None of the four methods has been 
proven to be superior to the others. At present, there is no official standard for 
bender element test. Apart from variability in the recommended procedure, 
much of the work to date was done in natural soil; much less work has been 
done on cemented soil and rocks. For instance, Ferreira et al. (2003) noted that 
there are still limitations on the applicability of the bender element test to stiff 
geomaterials, owing to greater impedance of the tested material. Although 
some bender element tests have been conducted on cement-treated soil (Flores 
et al., 2009; Bahador and Pak, 2012; Consoli et al., 2012), most of the research 
have relatively low cement content, typically less than 10%. There remains a 
scarcity of work on stiffer soil specimens with higher cement content. 
Moreover, currently recommended approaches are mainly for soft soils (e.g. 
Viggiani and Atkinson, 1995; Lee and Santamarina, 2005; Consoli et al. 2009; 
Yamashita et al., 2009; Alvarado and Coop, 2012). In the sections below, 
various variants of specimen preparation and travel time evaluation methods 




3.3.1.1 Effect of Slot Cutting and Filler Materials  
The quality of the contact between the bender element and soil specimen may 
play a significant role in the transmission and reception of the signals. For soft 
soil specimen, the bender element can be inserted into the sample, and good 
contact is readily achieved by so doing. Cement-treated soil specimens are too 
stiff for the bender elements to be inserted. For this reason, slots for the bender 
elements have to be cut. For instance, Pantazopoulos and Atmatzidis (2012) 
reported that it was not possible to insert the bender elements into specimen. 
To overcome this problem, a small cavity was carved at the centre of top and 
bottom surfaces of the sample, and then fresh gypsum was filled into the 
cavity to provide good contact between bender elements and specimen, as seen 
in Figure 3.4. However, the effect of filler materials (e.g. gypsum) on signal 
quality and consistency has still not been widely investigated. Bahador and 
Pak (2012) made pre-formed slots with dimension of 1 mm wide, 12 mm long 
and 10 mm deep at the ends of cement-treated kaolin specimen prior to curing, 
for the setting up of the bender elements. However, no filler material was 
adopted in the gap between the bender element and the cut slots.  
In this study, preliminary trials with this approach showed that, at higher 
cement contents, the formers for the slot were not readily removed after curing. 
Thus, slots for bender elements were cut post-curing. This avoids the problem 
of former removal and also makes it easier to control the dimension of the 
slots. Figure 3.5 presents the effect of slot depth on shear wave signals 
measured by GDS bender element for cement admixed clay specimen (50mm 
diameter and 100mm height) with mix ratio of 2:1:3. The protruded length of 
the GDS bender element is 1.5 mm. The effect of various depths of 
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embedment of slots were investigated with different depths of the cut slot from 
0.5mm, through 1mm, 1.5mm to 2mm. For each slot depth, shear wave 
measurements were triggered six times to examine the quality and consistency 
of the received signals. As shown in Figure 3.5(a), for an undercut slot 0.5mm 
deep, the received signals are so poor that it is almost impossible to identify 
the output shear waves. As Figure 3.5(b) shows, the output signal is still rather 
inconsistent and noisy for this slot depth. In particular, the first arrival or peak 
cannot be clearly defined from the signal in the 5th or 6th triggering. There was 
significant improvement when the slot depth is 1.5mm, Figure 3.5(c). 
However, there remains some variability in the signal, especially in the 
vertical direction for the amplitude of received signals. Finally, for an overcut 
slot depth of 2.0mm, the received signal is again highly degraded, Figure 
3.5(d). This indicates that both under-cut and over-cut slots degrade the 
quality of the signal. This may be attributed to the poor contact between soil 
and bender element.  
As mentioned above, even when the slot depth is 1.5mm, which is the 
protrusion depth of the bender element, there is still some variability in the 
signal. To improve signal consistency further, trials were also conducted by 
infilling the slot with some soft filler material prior to bender element insertion; 
in order to enhance the element-soil contact. As Figure 3.6(a) shows, when the 
slot are pre-filled with plasticine, much clearer and more consistent signals are 
received for different triggering. Hence, using a filler material in the gap can 
significantly enhance the consistency of the received signal. Furthermore, as 
Figure 3.6(b) shows, clear and consistent signals are still received even with 
an over-cut slot depth of 2mm. Analysis also shows that the shear wave 
56 
 
velocities obtained from Figure 3.6(a) and Figure 3.6(b) are very close to each 
other. This indicates that the use of plasticine filler can also greatly reduce the 
adverse effect of slot over-cutting.  
Besides plasticine, kaolin with water content a bit higher than its plastic limit 
was also tried as a filler material. Specimens of cement-treated clay with mix 
ratio (s:c:w) of 5:1:6 and 2:1:3 and slot depth of 1.5mm were used to compare 
the effectiveness of kaolin and plasticine as fillers. As Figure 3.7 shows the 
signal obtained from the specimen with plasticine is remarkably similar to that 
from specimen with kaolin. Furthermore, as Figure 3.8 shows, the modulus 
obtained from specimen with and without filler is in good agreement provided 
the slot is carefully cut to give a good fit to the bender element. This means 
that the filler materials do not significantly affect the measured modulus.   
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3.3.1.2 Influence of Excitation Frequency  
The effect of excitation frequency was also investigated using specimens with 
s:c:w mix ratios of 2:1:3 and 2:1:4 and cured for 7days. Figure 3.9 shows the 
results of maximum shear modulus obtained from both the two sets of bender 
element systems (GDS and WF) with various input frequency of shear wave. 
Three methods of travel time evaluation were used, namely the first arrival, 
peak-to-peak and cross correlation methods. The “first arrival method” was 
used for the WF bender element system as recommended by the WF manual, 
while the Peak-to-Peak method and cross correlation method were adopted for 
the GDS bender element. Moreover, a program of cross correlation was also 
developed by Matlab for the purpose of results validation, and it shows 
consistent results with the software of GDS BEAT. As Figure 3.9 shows, for 
the 2:1:4 specimens, the modulus is much lower and all three methods give 
very similar results for excitation frequency of 3kHz or higher. Below 3 kHz, 
there is some divergence between methods, with the first arrival giving a 
slightly higher modulus than the other two. For the 2:1:3 specimens, a similar 
trend is observed, but the divergence below 3kHz is much larger. This 
indicates that the stiffer 2:1:3 specimens are more susceptible to errors at low 
frequency than the softer 2:1:4 specimens. As Figure 3.9 shows, stable and 
consistent measurements for both WF and GDS bender element system can be 
obtained from frequency between 3kHz to 10kHz for the specimens tested. 





3.3.1.3 Near-Field Effect  
Bender element can generate both S-wave (shear) and P-wave (compression) 
after being mobilized. Mancuso and Vinale (1988) showed that, under certain 
conditions, the first arrival may be the “near field” P-wave effect instead of 
shear wave. This near-field effect has been noted in several studies (e.g. Lee 
and Santamarina 2005; Yamashita et al. 2009; Gu et al. 2013) and has an 
effect on the shape of received wave signal. Viggiani and Atkinson (1995), 
and Sanchez-Salinero et al. (1986) proposed that near-field effects can be 
avoided by ensuring that the wave path length to wave length ratio (L/λ) is 
larger than a certain limit. Brignoli et al. (1996) also found that the near-ﬁeld 
effect decreases as L/λ increases. Moreover, various researchers proposed 
different limitation for this ratio, beyond which the near field effect will be 
absent. Sanchez-Salinero et al. (1986) found that the limit should be 2 while 
Arulnathan et al. (1998) reported the limit to be 1. Arroyo et al. (2003) 
proposed a limit of 1.6 and Leong et al. (2005) observed a limit of 3.3. Since 
the L/λ ratio is directly related to the specimen length, for a given wave length, 
this implies that a minimum specimen length is needed to avoid near-field 
effects. However, the above research is based on soils rather than cement-
treated soils.  
Figure 3.10 shows the variation of maximum shear modulus with L/λ for 
cement treated clay specimens with s:c:w mix ratios of 5:1:6 and 2:1:3 and 
different dimensions. Different L/λ ratios are achieved by changing the 
wavelength and specimen length. As can be seen, significant divergence 
between tests are obtained when the L/λ ratio is less than 1; above this limit, 
the measured maximum shear modulus is quite consistent. Moreover, the 
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divergence is also generally larger for the stiffer 2:1:3 specimensm, indicating 
that stiffer specimens are more sensitive to near-field effects. This limiting L/λ 
ratio is 1 is much smaller than 3.3 reported by Leong et al. (2005, 2009) for 
untreated soil. The raw signals from bender element test with different input 




3.3.1.4 Sample Size Effect  
The effect of sample size on bender element test results has been reported. Lee 
and Santamarina (2005) proposed that the side-lode P-waves radiation 
reflected from the boundary of specimen will interfere with S-waves, which 
means that the specimen height to diameter ratio (aspect ratio) should be taken 
into account in experimental design. However, no suggested value for aspect 
ratio of specimen in bender element test was recommended in their study. 
Arroyo et al. (2006) investigated sample size effect in bender element test by 
using FLAC3D, and it was found that the lateral boundary reflections can cause 
measurement uncertainty. But no experimental validation was reported. For 
testing of rock, ASTM D 2845 recommended a maximum aspect ratio (i.e. 
length-to-diameter ratio) of the specimen of 5. However, the basis of this 
recommendation is unclear. Sawangsuriya (2006) recommended the distance 
of bender elements to the boundary should be greater than 0.4 times of 
specimen length, to avoid the distortion of reflected P-wave arrivals. Chan et 
al. (2010) conducted bender element test on clay specimens with aspect ratio 
of 2 and various diameters from 33mm to 50mm, and found no significant 
sample size effect on maximum shear modulus. 
To study the effect of sample size on maximum shear modulus of cement-
treated clay in bender element test, two mix ratios (s:c:w=5:1:6 and 2:1:3) and 
five sizes (diameter*height=50*50mm, 35*70mm, 50*100mm, 70*140mm 
and 35*140mm) of specimens were tested. Table 3.4 presents the maximum 
shear modulus measured by GDS bender element system with input frequency 
of 5kHz and 10kHz for specimens of cement-treated clay with different 
dimensions. As Table 3.4 shows, consistent maximum shear modulus are 
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obtained from specimens with dimensions of 35mm by 70mm, 50mm by 
100mm and 70mm by 140mm, that is aspect ratio of 2. This is consistent with 
the finding by Chan et al. (2010). Of these three specimen sizes, specimen of 
70mmx140mm would also satisfy the required L/λ ratio for near-field effect. 
Since the result obtained from the 50mmx100mm specimen is very close to 
that from the 70mmx140mm specimens, one may surmise that 50mm triaxial 
specimens may also be usable. On the other hand, the maximum shear 
modulus from the 35mmx70mm specimens shows slightly larger divergence 
from that of the 70mmx140mm specimen. This may be due to near-field 
effects mentioned above. The significantly lower maximum shear modulus 
from the 50mmx50mm specimens may also be attributed to the same reason. 
On the other hand, specimens with dimensions 35mm by 140mm gave much 
higher maximum shear modulus, compared to specimens with aspect ratio of 2. 





3.3.2 Resonant Column Test 
A Drnevich Long-Tor resonant column was used to measure the strain-
dependent shear modulus and damping ratio of cement-treated clay (Figure 
3.11). The passive-end platen was rigidly fixed to the base of the apparatus 
while the active-end platen system acts as a rigid mass attached to the 
specimen, hence forming a one degree-of-freedom system. Sinusoidal 
rotational motion was induced by a function generator acting through a power 
amplifier. The specimen was fixed at the bottom (the passive-end) and 
sinusoidal torsional excitation from the permanent magnets is applied to the 
top (the active-end). Lovelady and Picornell (1990) highlighted the need for a 
rigid connection between the specimen and end platens for resonant column 
test on cement-treated soils. To ensure tight and stiff connections, fasting 
setting and high strength epoxy was used to glue the cement-treated soil 
specimen to the platens. An accelerometer was used to measure the response 
of the active-end platen system and its output was displayed on a digital 
oscilloscope. Test procedures and calibration follow those prescribed in 
ASTM D4015-07. Calibration parameters were given in Table 3.5.  
The shear strain arising from torsion of the resonant column is not uniform. It 
is largest at the perimeter and zero at the centreline. Chen and Stokoe (1979) 
studied the issue of shear strain calculation by assuming a nonlinear stress-
strain model and integrating the stress-strain curve over the radius of the 
specimen to calculate torque for a given angle of twist. The value of 
equivalent radius was then varied to ascertain the value that gave the greatest 
accuracy in reproducing the stress-strain relation originally assumed. They 
found that the value of equivalent radius varied from 0.395d for shearing 
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strains at 0.1% to 0.41d for shearing strain amplitudes below 0.001%. Based 
on their results, they recommend the value of equivalent radius equal to 0.4 
times of diameter (or 0.8 times the radius) of the specimen. Hence, the 
equivalent shear strain is given by 
                           0.4 / 0.8 /d L R L                                          (3.1) 
Where    = torsional rotation amplitude, R  = specimen radius, L  = 
specimen length, d  = specimen diameter. 
For the Drnevich Long-Tor resonant column,   can be obtained by 
                               RCF RTO                                                    (3.2) 
Where RCF  = Displacement calibration factor, RTO  = Rotational transducer 
output. Thus, the torsional shear strain ( ) can be then calculated as follows: 
                        / 2.5RCF RTO d L                                       (3.3) 
In order to compare results of resonant column tests and that from local strain 
tests, the torsional shear strain in the resonant column is converted to 
generalized shear strain  . Based on the definition of the generalized shear 
strain, it can be readily shown that 
                  
3




3.3.2.1 Comparison of Hollow and Solid Cylindrical Specimens  
Figure 3.12 compares the maximum shear modulus from resonant column and 
bender element tests. As can be seen, there is remarkably good agreement for 
both unconfined and confined samples listed on Table 3.6. In resonant column 
test, solid specimens are usually used. However, hollow specimen has its own 
advantages for resonant column test. One of the main superiorities of using 
hollow specimen is the shear strain in the cross-section subjected to torsion 
varies from a value equal to the internal radius along the axis of rotation to a 
maximum at the circumferential surface of the rod. As a result, for a given 
applied torque, higher shearing strain can be achieved based on elasticity 
theory and the use of average of internal and external radius will result in only 
a slight error in predicting the assumed stress-strain relationship. Hollow 
samples in this study can be made like Figure 3.13 shows. Furthermore, by 
comparing hollow and solid cylindrical specimen results, Equation 3.1 can be 
assessed. 
The torsional shear strain   for hollow specimen in resonant column test can 
be calculated using Chen and Stokoe’s (1979) relation 








                                       (3.5) 
where iR =inner radius of the hollow specimen; oR =outer radius of the hollow 
specimen. 
In order to test hollow specimens, the end cap of the resonant column needs to 
be modified.  As shown in Figures 3.14-3.16, the end cap is a three-piece 
construction and comprises an annular inner ring and a split outer ring. The 
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hollow specimens require an additional inner rubber membrane on their inner 
wall which needs to be adequately sealed against air/water ingress under 
pressure. This is achieved by clamping the inner membrane between the inner 
ring and the split outer ring. This arrangement allows confining pressure to be 
applied to the inside wall of the specimen.  
Figure 3.17 show the shear modulus degradation curves of hollow and solid 
cylindrical specimens with mix ratios of 5:1:6, 10:3:13 and 2:1:3 for both 
unconfined and confined conditions. As Figure 3.17(a) shows, for unconfined 
specimens with the same mix ratio and curing period, the strain-dependent 
shear modulus of both hollow and solid specimens are similar when the 
generalized shear strains is less than 0.01%. Thus, Equation 3.1 can be used 
for cement-treated clay within small-strain level  <0.01%. As the shear strain 
continues to increase, the shear modulus of hollow specimen continues to 
increase further while that of the solid specimen stabilizing at a residual value. 
The strain thresholds for the onset of divergence of measured modulus 
between hollow and solid specimens appears to decrease as the maximum 
shear modulus of the specimen increases, that is, as the stiffness of the 
specimen increases. The divergence in modulus between hollow and solid 
specimens at large strain can be explained by the fact that the shear strain at 
the central core of the solid specimens remains small so that its equivalent 
stiffness remains high. On the other hand, for samples under 300kPa effective 
confining pressure, the divergence is not so obvious Figure 3.16(b). This is 
because that it will be harder for confined specimen to generated cracks than 




3.3.2.2 Threshold Strain for Recovery of Shear Modulus  
The torsional moment of resonant column setup is generated by 
electromagnetic induction of the coils. The generated shear strain of specimen 
will increase as the input voltage from the waveform generator increases. In 
this study, the input voltage was increased progressively from 10mV to 
2000mV to get the shear modulus evolution curve with increasing shear strain. 
In some of the tests, the input voltage was decreased back to 10mV after it was 
increased to 200mV, 500mV, 1000mV and 2000mV, respectively.  
As Figure 3.18 shows, with unconfined specimens with the three tested mix 
ratios of 5:1:6, 10:3:13 and 2:1:3, shear modulus will recover to the initial 
curve as the strain level decreases,  if the maximum applied shear strain is 
below a certain threshold. For instance, in Figure 3.18(a), when the maximum 
shear strain is 0.015% and below, the shear modulus was able to retrace its 
initial curve upon reduction of strain amplitude. However, when the maximum 
shear strain is 0.062%, the shear modulus retraces a lower curve indicating 
that the modulus has degraded. Similar trends were observed for the other mix 
ratios.  
Vardanega and Bolton (2013) noted that, in uncemented soil, the attenuation 
of shear modulus with shear strain is mainly due to the separation or slippage 
of intergranular contacts. If contacts can be re-engaged, one would expect the 
shear modulus to recover as shear strain amplitude is decreased. The 
specimens under effective confining pressure of 300kPa show better 
recoverability than the unconfined specimens. This suggests that the 
irreversible loss of shear modulus observed herein may be attributed to 
cracking. Figure 3.19 shows micro-CT scan of resonant column specimens 
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showing recoverable and irrecoverable shear modulus curves. The specimen 
with irrecoverable modulus clearly shows the presence of cracking. Hence, 
unconfined resonant column testing may cause cracking of the specimens, 





3.3.3 Local Strain Test 
The reported stiffness values in many literatures are based on conventional 
triaxial test, with the axial strain measured externally by either a dial gauge or 
a Linear Variable Differential Transformer (LVDT) (e.g. Yin and Lai, 1998; 
Lee et al., 2005). However, conventional method of measuring the axial strain 
in triaxial test usually leads to underestimation of stiffness, especially for 
strain level from 0.001% to about 1% (Burland, 1989; Tatsuoka et al., 1996). 
One way to overcome the above problems of external strain transducer is to 
use high accuracy local strain transducer fixed on the specimen to measure the 
deformation around the middle part of the sample (e.g. Jardine et al., 1984; 
Tatsuoka et al., 1994). Since the manufacturing and mounting design of LVDT 
has been greatly improved recently, submersible miniature LVDT has been 
used for the small strain measurements in natural soil (e.g. Santagata et al. 
1999; Ibraim and Benedetto 2005), but not in cement-treated soil. Moreover, 
submersible miniature LVDT has certain advantages over Hall Effect 
transducer (e.g. Tan et al. 2002) and local deformation transducer (e.g., Sakka 
et al. 1998; Correia et al. 2009). These include being less temperature-
sensitive, less susceptible to electrical  noise and drift (Scholey et al. 1995), 





3.3.3.1 Development of Local Strain Test System 
To measure the small-strain modulus of cement-treated clay in this study, 
modified submersible LVDT was adopted as the internal strain transducer. 
The local LVDT is RDP D5/200WRA/131, with excitation voltage of 5V, 
sensitivity of 62.84mv/v/mm, linearity of 0.08%, linear range of ±5mm and 
maximum pressure capacity of 3.5MPa. The local LVDT was calibrated with a 
micrometer (0.005mm division) through commercial software installed in 
computer, which is an operation program for data logger system. The 
calibration procedure is basically the same as that for conventional external 
LVDT. The resolution of the submersible LVDT is 1μm and accuracy is 10μm. 
The local strain measurement system is shown in Figure 3.20. Ibraim and 
Benedetto (2005) highlighted the issues need to be considered for the use of 
local LVDT, like the mounting of transducers, tilting of specimen and ability 
of local strain transducer to accommodate radial deformation. Previous studies 
have shown that the axial strain level at peak strength of cement-treated soil is 
usually between 1% and 2% in undrained compressive test (e.g. Kamruzzaman 
et al. 2009; Xiao et al. 2014), which is much lower than the working range of 
local LVDT (10% or higher). In view of this, the tilting and radial deformation 
effects of specimen are usually quite small for cement-treated soil in the pre-
peak regime, owing to its stiff and brittle nature. Therefore, the main problem 
left will be the mounting of local LVDT and the installation of transducer. For 
soft soils, the mounts are usually attached to the membrane wrapping the 
specimen (e.g. Cuccovillo and Coop, 1997), while for cement-treated clay, the 
membrane may not always deform together with specimen and it may detach 
from the specimen in undraiend shearing test (Xiao et al. 2014). This is 
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because cement-treated clay specimens typically has higher void ratio and 
water content than the uncemented clay due to the additional water in the 
cement-slurry. Upon yielding, the specimens may undergo large volumetric 
compression in  drained triaxial tests and  and generate high positive excess 
pore pressure in undrained triaxial tests. 
Preliminary trials without anchor pins revealed several problems with 
mounting. As Figure 3.21(a)  shows, during setting up, the self-weight of the 
LVDT assembly caused it to tilt away from the membrane especially in the 
saturation and early stages of consolidation when the effective confining  
pressure is low. In many cases, the LVDT was completely detached from the 
membrane during saturation and consolidation, Figure 3.21(b). Secondly, 
without the precast anchor pins, it was difficult to position the LVDT 
accurately, resulting in off-verticality, misalignment, positioning error and 
increased armature friction, Figure 3.21(c). Any misalignment may introduce 
friction between the bobbin and armature. This is further complicated by the 
self-weight of the transducer, which increases the misalignment.  
The method of mounting the submersible LVDT adopted in this study is by 
anchoring them to the specimens. As shown in Figure 3.22(a), before 
preparing the specimen for local strain measurement, two holes were drilled 
on the PVC mould (50mm diameter by 100mm height) along its axis 
according to the required setting of the LVDT. Two stainless steel needles 
coated with grease were installed so that they protruded into the mould 
through the premade holes before casting of the cement-clay slurry. This 
allows the anchoring holes to be pre-casted on the sample for the installation 
of local strain transducer.  
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Figure 3.22(b) demonstrates the design of mounting system for LVDT. The 
system includes plexiglass lower and upper brackets with pins, and a bronze 
mounting guide. The mounting guide has the same dimension as LVDT. 
During the mounting of the brackets, the latter were first fastened onto the 
mounting guide, the function of which was to ensure the two brackets were 
completely aligned and misalignment between bobbin and armature is 
minimized. 
Figure 3.23 shows the procedure used for mounting and alignment of local 
strain transducer. After the specimens have been trimmed and demoulded, the 
cast-in-place stainless steel pins were extracted. The brackets were first 
separately inserted into the pre-cast holes. The mounting guide was then 
fastened onto the brackets with screws (Figure 3.23a) and the bracket-mount 
assembly was then extracted from the pre-cast holes without dismantling; this 
ensured that the assembly remained aligned with the pre-cast holes. A fast-
setting epoxy was placed into the holes using a hypodermic syringe. The 
bracket-mount assembly was then re-inserted into the pre-cast holes (Figure 
3.23b). Finger pressure was maintained on the assembly for about 3mins to 
ensure proper contact. The mounting guide was removed after about 3 hours 
(Figure 3.23c) and the LVDT fastened onto the brackets (Figure 3.23d). The 
armature was allowed to rest loosely on the lower bracket; this allowed 
relative rotation to occur between the two brackets and ensured that the 
specimen was not constrained. The cable was coiled halfway around the 
sample before passing through the base of the cell, avoiding any resistance to 
vertical movement.  The split design of the upper bracket (Figure 3.22) allows 
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the transducer to be readily removed by unlocking the fastening screw, thereby 
minimizing disturbance to the specimen.  
To check the repeatability and effectiveness of local strain measurement, 
Figure 3.24 presents the stress-strain behavior and secant shear modulus 
obtained by external and local strain on two different specimens, which are 
Sample 1 and Sample 2. The pin lengths and measurement length are 12mm 
and 48mm respectively. The pin diameters are 1.2mm. Sample 1 has only one 
submersible LVDT whereas Sample 2 has two submersible LVDTs mounted 
at diametrically opposite sides of the specimen. Conventional external strain 
measurements using potentiometers mounted on the exterior of the triaxial cell 
were corrected for loading setup compliance, the latter being determined by 
measuring the external strain of a solid steel specimen under compression 
(Cuccovillo and Coop, 1997). 
As can be seen from Figures 3.24 (a) and (b), the stress-strain curves from 
external strain measurements for these two specimens are in good agreement 
for strain level below approximately 0.1%. This indicates the specimens have 
a high degree of repeatability. Moreover, the stress-strain curves from local 
strain measurement also agree well for strain up to 0.1%. In particular, results 
from the two submersible LVDTs mounted on Sample 2 are very similar. This 
indicates that the strain in the specimen is quite uniform and there is 
insignificant tilting or rotation of the specimen. At larger strains, there are 
some discrepancies at large strain levels due possibly to shear banding and 
localization, especially after yielding. Figure 3.24(c) shows similar trend for 
secant shear modulus. The secant shear moduli measured by both local strain 
and external strain transducer on Sample 1 agree with those on Sample 2. The 
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secant shear moduli measured by two local strain transducers on Sample 2 are 
also close to each other. This indicates the specimens with the same mix ratio 
and the results measured by local strain measurement are repeatable. 
Moreover, Figures 3.24 (a) and (b) shows that the stress-strain curves 
measured by local strain are significantly stiffer than those by external strain 
within small strain and the secant shear moduli measured by local strain are 
significantly higher than those by external strain up to 0.2% of strain. This 
indicates the local strain measurement is effective. 
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3.3.3.2 Effect of Dimension of Anchor Pins on Results  
As shown in Table 3.7, the effects of three parameters of the mounting system 
were examined for their effect on the measurements, namely anchor pin 
diameter, pin length and measurement length; the last parameter being the 
separation distance between the two anchoring pins, Figure 3.22. To 
investigate the effect of pin diameter, the length of pins is fixed as 12mm and 
the diameter of pins vary from 1.2 mm to 2.4 mm. UCT was conducted on 
specimens of the same batch and the stress-strain curve from specimen 
without local LVDT was used to be the reference. It should be noted that the 
strain for specimen with local LVDT was obtained from external LVDT for 
the purpose of comparison with the reference sample. As shown in Figure 3.25, 
pin with larger diameter will have a bigger effect on the tested stress-strain 
curves. When the diameter of pin is 1.2mm, it is found from that the stress-
strain curve obtained for specimen with local LVDT is almost the same as that 
without LVDT. This indicates that the installation of mount on the specimen 
has insignificant effect on test result when the dimension of pin is 1.2mm in 
diameter and 12mm in length.  
Some numerical simulations were conducted to investigate the stress 
concentration around the pin with ABAQUS6.14, standard method. Figure 
3.26(a) illustrates the finite element model used in the present study. Second-
order tetrahedral elements were used for both soil and pins. The soil was 
modelled as an elastic-perfectly plastic material, and the pins were simulated 
as elastic materials. The material parameters are shown in Figure 3.26(a). A 
rough contact condition was adopted between the pins and surrounding soils. 
The displacement-control scheme was used to simulate the loading condition 
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of the cement-treated clay specimens in laboratory tests. Figure 3.26(b-e) 
shows the stress distribution for cement-treated clay specimen with different 
pin diameter. The pin length is 12mm. The pin distance (local strain 
measurement length) is 48mm. The larger pin has 2.4mm of diameter while 
the smaller pin has 1.2mm of diameter. As can be seen from Figure 3.26 (d) 
and (e), the stress concentration around the pin (influence zone) is much larger 
than the pin diameter and the 2.4mm pin has much larger influence zone than 
the 1.2mm pin especially at 94% of failure load. This indicates the pin indeed 
induced the stress concentration in the specimen, which increases with the 
diameter of the pin. 
To further investigate effect of pin length on test results, pin with length of 
8mm were also used in the experiments for comparison with 12mm length pin. 
Figure 3.27 demonstrates the stress-strain curves from CIU for specimen with 
mix ratio of 5:1:6 under 300kPa effective confining pressure. As it can be seen 
from Figure 3.27, there is only slight difference in the stress-strain curves 
within small strain (0.1%) for specimen mounting pins with the two different 
lengths. This indicates that the pin length within 8 to 12mm is acceptable for 
LVDT mounting for cement treated clay in this study.  
The local LVDT is usually installed over the centre one third of the specimen 
to eliminate the end-restrained effect (Scholey et al., 1995). What’s more, 
LVDT with different measurement lengths (33mm and 48mm) were also used 
to investigate. Figure 3.28 also shows that for two different transducer lengths, 
the stress-strain curves with in small strain range are close to each other. This 
indicates the transducer length within 33mm to 48mm will not lead to much 
difference of experimental results.   
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3.3.3.3 Results Comparison of Local Strain Test with Resonant Column 
Test 
To verify the strain-dependent shear modulus, G  curves measured from 
resonant column test and local strain test are compared for both unconfined 
specimens and confined specimens with 300kPa mean effective stress, as 
shown in Figure 3.29. From Figure 3.29(a), the shear modulus obtained from 
resonant column test and local strain test agree well with each other within the 
strain level from 0.001% to 0.1%. The possible reason for the lightly higher 
shear modulus from local strain test is that the specimen of local strain will be 
compressed so that the effective stress inside of the sample will increase 
during the test, which may lead to an increase of G. While the sample of 
resonant column is only under torsional load so that there is no change of 
mean effective stress. As the similar stress state under confined condition, 
Figure 3.29(b) shows that specimens with 300kPa mean effective stress have 
better consistency for resonant column test and local strain test than the 
unconfined specimens. This can be explained by the fact confined specimen 
tends to have a larger elastic strain threshold in resonant column test as 
mentioned before. Resonant column test belongs to dynamic test method while 
local strain test is a static monotonic loading test, thus, it is only within elastic 







Table 3.1 Basic properties of clay used in the study 
Properties Values Grain size distribution 
Specific Gravity, Gs 2.7 Constituent Percentage(%) 
Liquid Limit, LL (%) 74 Sand 6.4 
Plastic Limit, PL (%) 31 Silt 47.7 
Plasticity Index, PI (%) 43 Clay 45.9 
 
Table 3.2 Chemical composition of cement used in the study 
Chemical Composition Content by weight (%) 
Calcium Oxide, CaO 65 
Silica, SiO2 22 
Alumina, Al2O3 5 
Ferric Oxide, Fe2O3 3.1 
Magnesium Oxide, MgO 2.5 
Sulfur Oxide, SO3 2 
Sodium Monoxide  0.6 
Potassium Oxide, K2O 0.6 
Manganese Trioxide 0.3 
 
Table 3.3 Test specifications of bender element  
Waveform Sinusoidal 
Input Voltage 14V 
Input Frequency 1-10 kHz 






Table 3.4 Maximum shear modulus (MPa) measured by GDS bender element system for 
cement-treated clay specimens with different dimensions 
Mix ratio s:c:w=5:1:6 s:c:w=2:1:3 
Dimension 5kHz 10kHz 5kHz 10kHz 
50*50mm 146 145 275 267 
35*70mm 253 235 502 511 
50*100mm 258 246 514 515 
70*140mm 258 247 516 515 
35*140mm 338 316 601 593 
 
Table 3.5 Parameters from resonant column calibration 
Parameter Value 





Rotational Inertia of Active End Platen System
AJ  
3 22.82 10 kgm  
Output of the charge amplifier for the accelerometer 1.982 Vrms/g 
Displacement calibration factor of accelerometer
ALCF  
20.125 / f  
Equivalent rotational calibration factor
ARCF  
23.96 / ( / )rmsf radian V  










Table 3.6 Comparison of maximum shear modulus from bender element test and resonant 
column test 
Effective confining 








RCT  (MPa) 
0 
5:1:6 7 270 249 
5:1:6 28 430 433 
5:1:6 56 464 466 
10:3:13 7 361 350 
10:3:13 28 492 504 
10:3:13 56 549 566 
2:1:3 7 522 542 
2:1:3 28 830 796 
2:1:3 56 905 889 
2:1:3.5 7 350 345 
2:1:5 7 93 100 
2:1:5.5 7 82 35 
100 
5:1:6 7 298 275 
10:3:13 7 361 376 
2:1:3 7 561 575 
200 
5:1:6 7 332 301 
10:3:13 7 384 411 
2:1:3 7 578 609 
300 
5:1:6 7 351 331 
10:3:13 7 411 444 






Table 3.7 Summary of mounting bracket parameters used in this study for cement-treated clay 
specimen  
Configurations Pin diameter D (mm) Pin length L(mm) Pin distance d(mm) 
A 1.2 8, 12 33, 48 
B 1.6 12 48 
C 2.0 12 48 






Figure 3.1 Grain size distribution curve of Singapore upper marine clay 
 
           












































Figure 3.3 WF bender element system 
 
 

































































































































(d) Over-cut slot with depth of 2mm 
Figure 3.5 Shear waves obtained by GDS bender element (5 kHz of frequency) for different 














































































(b) Over-cut slot with depth of 2mm filled with plasticine 
Figure 3.6 Shear waves obtained by GDS bender element after slot filling with plasticine for 




























































































































































Figure 3.7 Effect of filling material on shear waves obtained by bender element testing for 































































Figure 3.9 Comparison of shear modulus between GDS and WF bender element systems for 


























































Figure 3.10 Variation of maximum shear modulus with ratio of path length to wave length for 
7days curing cement treated clay with different cement content 
 
  
































Figure 3.12 Comparison between maximum shear modulus measured from resonant column 
and bender element 
 
 




































Figure 3.14 Section and plan view of the designed end cap for hollow specimen  
 
 
Figure 3.15 Modified top platen for hollow specimen in the resonant column 
 
 










Figure 3.17 Shear modulus degradation curves of 7days curing hollow and solid cylindrical 
specimens with mix ratios of 5:1:6, 10:3:13 and 2:1:3 under (a) unconfined condition and (b) 








































































































Generalized Shear Strain, ε (%)
5:1:6; 7 days; 0kPa
Shear modulus evolution curve
Recover from strain of 0.003%
Recover from strain of 0.015%
Recover from strain of 0.062%




























Generalized Shear Strain, ε (%)
10:3:13; 7 days; 0kPa
Shear modulus evolution curve
Recover from strain of 0.005%
Recover from strain of 0.022%
Recover from strain of 0.046%


























Generalized Shear Strain, ε (%)
2:1:3; 7 days; 0kPa
Shear modulus evolution curve
Recover from strain of 0.002%
Recover from strain of 0.010%
Recover from strain of 0.030%







Figure 3.18 Shear modulus recovery curves of 7days curing specimens under unconfined 
condition (a, b and c is for mix ratio of 5:1:6, 10:3:13 and 2:1:3, respectively) and confined 
condition with 300kPa of effective confining pressure (d, e and f is for mix ratio of 5:1:6, 



























Generalized Shear Strain, ε (%)
5:1:6; 7 days; 300kPa
Shear modulus evolution curve
Recover from strain of 0.003%
Recover from strain of 0.033%
Recover from strain of 0.063%






























Generalized Shear Strain, ε (%)
10:3:13; 7 days; 300kPa
Shear modulus evolution curve
Recover from strain of 0.002%
Recover from strain of 0.022%
Recover from strain of 0.047%



























Generalized Shear Strain, ε (%)
2:1:3; 7 days; 300kPa
Shear modulus evolution curve
Recover from strain of 0.002%
Recover from strain of 0.007%
Recover from strain of 0.028%






Figure 3.19 Micro-CT scan on specimen of cement-treated clay in resonant column test under 

































(a) LVDT tilting due to self-weight                    (b) LVDT detachment 
 
(c) Off-verticality during positioning 















(a) Specimen for local strain measurement 
 
(b) Mounts and transducer guide for setting up of local LVDT 

















   
Figure 3.23 Procedure of installing local LVDT. (a) Fixing mounts and guide, (b) installing 
mounts and guide with adhesive, (c) installed mounts after about 4 hours, (d) installed local 
LVDT.  
 





























Sample 2-Local LVDT A
Sample 2-Local LVDT B
Sample 1-External LVDT
Sample 2-External LVDT





(b) Stress-strain curves up to small strain of 0.1% 
 
 
(c) Shear modulus degradation up to 1% of strain 
Figure 3.24 Stress-strain behavior and secant shear modulus measured by external and local 
strain on different specimens in UCT test. The specimen has 30% of cement content and 100% 




























Sample 2-Local LVDT A





























Sample 2-Local LVDT A







Figure 3.25 The effect of pin diameter on stress-strain curves specimens with 30% cement 
content and 100% water content after 7 days of curing, using different anchoring pin 
































Pin Diameter of 1.2mm
Pin Diameter of 1.6mm
Pin Diameter of 2.0mm





(b) 50% of failure load, pin diameter 1.2mm (c) 50% of failure load, pin diameter 2.4mm 
 
(d) 94% of failure load, pin diameter 1.2mm (e) 94% of failure load, pin diameter 2.4mm 
Figure 3.26 Stress concentration around pin at different load stage for cement-admixed clay 






Figure 3.27 Effect of lengths of pins on stress-strain curves up to strain of 0.1% 
 
 
























Local LVDT-Pin Length of 8mm










































































































Chapter 4 Maximum Shear Modulus 
 
The objective of this chapter is to quantify the influence of the key factors 
such as mix ratio, curing time, void ratio, stress state and stress history on the 
maximum shear modulus of cement-treated clay through performing a series 
of unconfined compression and bender element tests.  
4.1 Maximum Shear Modulus of Unconfined Specimen 
To quantify the unconfined compressive strength uq  of cement-treated soils, 
several correlations considering the parameters of mix ratios (e.g., cement 
content, total water content) have already been proposed (e.g., Lee et al., 2005; 
Consoli et al., 2007). Recently, Xiao et al. (2014) further extended the formula 
proposed by Lee et al. (2005) to account for the effect of curing period, and 
the equation is expressed as follows:    



















   
  
                                   (4.1)  
where q ,   and r are fitting indices for curing period t, while m and n are 
fitting parameters for the mix ratios of cement-treated clay. As Figure 4.1 
shows, a good fit is obtained with q =37500kPa,  =2100, r=0.7, m=0.28, 
n=2.8).   
To model the effects of mix ratios and curing time on the maximum shear 
modulus of cement-treated clay in unconfined condition (Yao et al., 2017) 
Equation 4.1 was also employed to predict the unconfined compressive 
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strength. Then the unconfined maximum shear modulus is correlated to the 
unconfined compressive strength. As Figure 4.2 shows, the maximum shear 
modulus of cement-treated soil in unconfined condition ( max0G ) is reasonably 
well-correlated as a power function of uq  via: 
                                                              
0.8811
max0 1136 uG q                                             (4.2) 
This is similar to Lua’s (2000) and Yong’s (2002) findings. Substitution of 
Equation 4.1 into Equation 4.2 yields: 




















   
          
                           (4.3) 
Figure 4.3 demonstrates that the predictions by Equation 4.3 are in good 
agreement with the measured max0G  by bender element test for cement-admixed 





4.2 Maximum Shear Modulus of Confined Specimen 
4.2.1 Influence of Mean Effective Stress  
4.2.1.1 Variation of Gmax with Mean Effective Stress 
Figure 4.4 presents the influence of the mean effective stress 'p  and void ratio 
e on the maximum shear modulus maxG  of cement-treated clay with various 
mix ratios after 7 days curing. This figure also shows the corresponding 
primary isotropic yield stress (
'
pyp ) for the different mix ratios based on Rotta 
et al.’s (2003) method. As Figure 4.4(b) shows, the maximum shear modulus 
of the cement-treated clay increases with the increasing cement content (c/s) 
and mean effective stress, under both pre- and post-yield conditions. The rate 
of increase in maximum shear modulus accelerates after the primary yield 
stress is exceeded. In the pre-yield regime (Table 4.2), specimens with cement 
content appear to have a slower rate of increase in maximum shear modulus 
with respect to the mean effective stress. This indicates that the influence of 
mean effective stress on the maximum shear modulus is moderated by 
increase in cement content. 
As Figure 4.4(a) shows, after exceedance of the primary yield stress, the 
accelerated increase in maximum shear modulus is accompanied by larger 
increase in volumetric change. This indicates that the increase in maximum 
shear modulus may be attributed to the volumetric compression (i.e. decrease 
in void ratio) which appears to be able to more than offset the degradation in 
cementitious bonding caused by yielding (Xiao et al. 2016). Moreover, as 
Figure 4.4(c) shows, for all mix ratios, the maximum shear modulus decreases 
as the void ratio increases. This will be further discussed in section 4.2.1.3.  
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4.2.1.2 Correlation of Gmax and p’ 
Viggiani and Atkinson (1995) adopted the following formula proposed by 
Wroth and Houlsby (1985) for characterizing the maximum shear modulus of 
fine-grained soils: 










                                          (4.4) 
where rp  is the reference pressure equals to 1kPa, A and n are dimensionless 
parameters based on the fitting of experimental data. Equation 4.4 can also be 
rewritten as: 







   
 
                         (4.5) 
And fitting constants A and n can be determined easily by linear regression. As 
exhibited in Figure 4.5 for the maximum shear modulus of cement-treated clay 
in pre-yield condition, the correlation coefficient R2 are only around 0.8, 
which is not high enough for accurate model prediction. Furthermore, when 
'p =0 (unconfined condition), the predicted maximum shear modulus will also 
be zero, which clearly contradicts the measurements and is unreasonable for 
cement-treated clay. So that other types of modified formula needs to be 
adopted for evaluating the maximum shear modulus of cement-treated clay. 
As Figure 4.4(b) shows, as the mean effective stress decreases to 0, the 
maximum shear modulus reaches its unconfined value. This motivates a 
possible framework that the maximum shear modulus can be considered as the 
sum of two components, one arising from cementitious bonding and the other 
arising from effect of effective stress. The component due to cementitious 
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bonding is represented by the unconfined maximum shear modulus Gmax0. 
This motivates a relationship for the maximum shear modulus Gmax of the 
form: 
                                      Gmax = Gmax0 + ΔGmax(p’)   (4.6) 
Where ΔGmax is the contribution to the shear modulus due to the mean 
effective stress, hereafter it is termed as “confinement-induced modulus 
increment”. 
Figure 4.6 presents the variation of the confinement-induced modulus 
increment with mean effective stress for different mix ratios in the (a) pre-
yield and (b) post-yield regimes. As shown in Figure 4.6(a), prior to yielding, 
the confinement-induced modulus increment increases approximately linearly 
with the mean effective stress. The rate of increase is highest for the mix ratio 
with the lowest cement content. This is different from Equation 4.4, which 
appears to indicate a power-law relationship. 
In addition, the rate of increase in confinement-induced modulus increment 
with mean effective stress, that is the gradient k of the lines in Figure 4.6(a), 
can also be correlated to the unconfined compressive strength of the cement-
treated clay, Figure 4.7 via a relation of the form: 










    (4.7) 
in which pa is the atmospheric pressure.  
Thirdly, Figure 4.8, which is a magnified plot of Figure 4.4(c) for the pre-yield 
regime, also suggests the maximum shear modulus can be fitted to the void 
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ratio by an approximately straight line, regardless of mix ratio. This will be 
further discussed in the next section. 
In the post-yield regime, as Figure 4.6(b) shows, the plots of confinement-
induced modulus increment against mean effective stress are narrowly banded 
into a S-shaped curve, which is characterized by an initial segment which is 
relatively flat, followed by a steeper curved portion. The initial flat portion can 
be attributed to the fact that yielding is generally not abrupt (Xiao et al. 2016). 
For this reason, it is postulated the initial flat segment of Figure 4.6 does not 
really represent the behavior of a fully yielded cement-treated soil. If we 
ignore this portion, then the remainder of the curve can be fitted using a 
power-law fit of the form similar to Equation 4.4 but with ΔG in place of Gmax, 
i.e. 
    
0.9522
max max0- 535.18 'G G p                                         (4.8) 
As can be seen, Equation 4.8 is much closer in form to Equation 4.4. This 
indicates that maximum shear modulus of ‘fully yielded’ cement-treated soil 
can also be fitted by a relation that is similar to Equation 4.4, but which 





4.2.1.3 Influence of Void Ratio on Maximum Shear Modulus 
As observed in Figure 4.4(a), for all the treated clay, the void ratio e decreases 
slowly with the increasing mean effective stress 'p  in pre-yield condition, 
followed by a more rapid decrease in the post-yield regime. This observation 
closely mirrors the increase in maximum shear modulus with the increasing 
mean effective stress. This is also reflected in Figure 4.4(c), which shows the 
maximum shear modulus increasing as the void ratio decreases, as well as 
Figure 4.8 which shows the changes in maximum shear modulus and void 
ratio. The rate of decrease of void ratio with increasing mean effective stress is 
also higher for treated clay with lower cement content, especially in the post-
yield regime. This can be attributed to the weaker cementitious bonds which 
permit greater compression. As Figure 4.9 shows, the confinement-induced 
modulus increment for the different mix ratios is almost same for all the 
treated clays when the change in void ratio |Δe| <0.05. At larger change in 
void ratio, specimens with higher cement content show more rapid increase in 
confinement-induced modulus increment. Moreover, as Figure 4.10 shows, the 
maximum shear modulus can be correlated to the void ratio by an 
approximately linear relationship in the post-yield regime. However, as shown 
in Figure 4.11, if the confinement-induced modulus increment is normalized 
by the unconfined maximum shear modulus, i.e. max max0/G G , is plotted 
against the change in void ratio, the data from all three mix ratios are well-
fitted by a straight line, which suggests a relationship:  








                                            (4.9) 
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Therefore, the dependence of max( )NCG  of cement-treated clay on the change 
of void ratio e  can be described as follows: 




4.2.2 Influence of Stress History 
4.2.2.1 Variation of Gmax Subjected to Different Stress History  
In this section, the effect of previous episodes of isotropic yielding on the 
maximum shear modulus is examined. To do this, specimens with current 
mean effective stress 
'
ip  was subjected to highest mean effective stress in 
history
'
maxp , then unloaded back to lower mean effective stress 
'









pyp were investigated. Following Xiao 
et al. (2014), such specimens are hereafter termed “over-consolidated” 
specimens. Their behaviour is compared with that of “normally consolidated” 
specimens, which were brought to the respective mean effective stress (both 
pre- and post-yield) for the first time. In the subsequent discussion, max( )NCG  
stands for the maximum shear modulus of normally consolidated (NC) 
cement-treated clay, while max0( )OCG  and max( )OCG are the maximum shear 
modulus of over-consolidated (OC) cement-treated clay for 
' 0ip kPa (i.e. 
unconfined conditions) and 
' 0ip kPa  (confined conditions), respectively.  
To investigate the effect of stress history, the variation of the maximum shear 
modulus of unconfined over-consolidated speciments ( max0( )OCG ) with the 
changes in maximum mean effective stress experienced (
'
maxp ) is presented in 
Figure 4.12(a). It is observed that a significant increase occurs in the 
maximum shear modulus (
max0( )OCG ) due to the stress history effect.  In 
particular, the increment in the maximum shear modulus is much higher for 
the case when 
'









pyp  where the increment in the 
maximum shear modulus (
max0( )OCG ) can be negligible. This highlights that 
the stress history effect on the variation of the maximum shear modulus is 
closely associated with the isotropic yielding stress. That is, the stress history 
effect becomes significant only when the experienced maximum mean 
effective stress 
'
maxp  is greater than yielding stress 
'
pyp . This observation can 
be justified by the variation of the unconfined compressive strength of over-
consolidated (OC) cement-treated clay with the changes of 
'
maxp  as shown in 
Figure 4.12(a). It can be seen that the unconfined compressive strength of OC 
cemented clay increases significantly with the increase of the maximum mean 
effective stress
'




pyp , which is consistent with 
the observation for the 
max0( )OCG .  
In order to investigate the possible reason for the above observations, the 
evolution of the changes of void ratio ( e ) during the loading process against 
the maximum mean effective stress 
'
maxp  was presented in Figure 4.12(b). It 
is found that the stress history effects have contributed to significant 





even though the maximum  effective stress was released to be the initial mean 
effective stress 
' 0ip kPa . That is, significant amount of plastic deformation 
in the specimen was caused due to the stress history effects, thereby leading to 
the growth of the maximum shear modulus as observed in the  Figure 4.12(a).    
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For comparison, the variation of the maximum shear modulus of normally 





maxp ) is also presented in Figure 4.12(a). Similarly, it 
can be seen that the max( )NCG starts to increase greatly with the increasing 
mean effective stress 
'




pyp . As expected, the max0( )OCG
which is induced by the increasing mean effective stress is highly greater than 
the 
max0( )OCG  which was caused by the stress history effects only. Similarly, 
the growth of 
max( )OCG  is also closely associated with the changes of void 
ratio of the specimen caused by the mean effective stress (i.e., ( )NCe ).  As 
shown in Figure 4.12(b), the change of void ratio of normally consolidated 









pyp , which is consistent with the variation of max( )OCG  as shown in 
Figure 4.12(a). That is, the reduction in void ratio caused by the increasing 
mean effective stress could be the main contribution to the growth of the 
maximum shear modulus 
max( )OCG . By comparing the curves of ( )OCe and 
( )NCe  against
'
maxp , it can be found that the curve for ( )NCe is above its 
counterpart for 
max( )OCe , which could be caused by the sustained confining 
effects, thereby leading to higher increment of  maximum shear modulus for 
the cases with sustained mean effective stress (
max( )OCG ) than its counterpart 
for the case with stress history effects only (
max0( )OCG ).  
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To further investigate the effect of the stress history on maximum shear 
modulus, a series of bender element tests were conducted on the cement-
treated clay with different over-consolidation ratio (OCR).  To do this, as 
shown in Table 4.3, the specimens with different current stress levels (i.e., 0, 
200, 300, 500, and 700kPa) were used, and then specimens were subjected to 
maximum mean effective stress 
'
maxp  with different levels. In this section, 
'p denotes the difference between the maximum mean effective stress 
'
maxp  





max' ip p p    ), which is commonly called “prestress” or 
“over-consolidation difference (OCD)”; and ( )OCe  denotes the change of void 
ratio induced by the stress history effects.  Figure 4.13 presents the variation 
of small-strain shear modulus attributed to the stress history effects (
max( )OCG ) 
with the 'p  and ( )OCe of the cement-treated clay with different stress 
histories ( max( ) max( ) max( )OC OC iG G G   ; max( )iG  is the maximum shear modulus 
for cement-treated clay at initial effective confining pressure of 
'
ip ). 
Interestingly, it is observed in Figure 4.13(a) that, for a given 'p the
max( )OCG  for the cement-treated soil with low initial stress 
'
ip =0kPa, 200kPa, 
and 300kPa is much smaller than its counterparts when the treated soil is 
subjected to the high initial stress level with 
'
ip = 500kPa, 700kPa (>
'
pyp
=207kPa). That is, when 'p is certain, a higher 
max( )OCG  can be observed for 
the cement-treated soil subjected to the initial stress level that is greater than 










pyp .  The possible reason is that, the cementation bonding remained in the 
specimen is relatively stronger for the cement-treated soil under low initial 
stress (<
'
pyp ) compared to its counterparts with high intitial stress (>
'
pyp ), 
resulting in that less strain hardening that can contribute to the growth of shear 
stiffness of cement-treated clay would take place in the specimen with lower 
initial stress
'




pyp . This finding can also be 
demonstrated in Figure 4.13(b), where it can be seen that, for a given ( )OCe , 
the 
max( )OCG  is much higher for the cement-treated clay under high stress level 
with 
'
ip = 500kPa, 700kPa compared to its counterparts under the low stress 
level with 
'
ip = 0kPa, 200kPa, 300kPa. This highlights that, to consider the 
effect of over-consolidation, the initial stress state 
'
ip  applied on the cement-
treated soil should be also taken into account in the assessment of the stress 
history effects on the growth of 





4.2.2.2 Quantification of the Effect of Stress History 
Compiling Equation 2.5 developed by Viggiani and Atkinson (1995) and 
Equation 4.6 proposed in this study, the following formulas are available for 
maximum shear modulus (initial and current stress equal to 200kPa, 300 kPa, 
500kPa and 700kPa) of over-consolidated specimens in Table 4.3(a) for mix 
ratio of 5:1:6:  










                                      (4.11) 












                          (4.12) 
However, it is found in Figure 4.14 that the correlation coefficient R2 is only 
around 0.85, which indicates that this type of equation may be only available 
for natural soils instead of cement-treated soils.  
As such, the maximum shear modulus of over-consolidated cement-treated 
clay max0( )OCG  was fist to be correlated to unconfined maximum shear modulus 
max0G  by Equation 4.13, as shown in Figure 4.15. 










                              (4.13) 
Based on the above formula, it motivates the possibility that the maximum 
shear modulus of over-consolidated cement-treated clay under confined 
condition Gmax(OC) may be expressed in the superposition form 
                                Gmax(OC) = Gmax0(OC) + ΔGmax(OC)            (4.14) 
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where ΔGmax(OC) is the additional component arising from confining pressure p’ 
and may be written in the form 
                                  ΔGmax(OC) = Fn(p’, OCR)            (4.15) 
Initial attempts using a function of the form 
                                  ΔGmax(OC) = A p’m OCRn                      (4.16) 
where A, m and n are fitted parameters, resulted in relatively low R2 value. On 
the other hand, if the tensile strength σt is used as an added stress to the mean 
effective stress, following Pan et al. (2016), much better fit is obtained by a 
remarkably simple relationship 
                                                 ΔGmax(OC) =  A(p’+σt) + B                      (4.17) 
in which A and B are fitted parameters, with values of 193.05 and 3843.6kPa, 
245.22 and -24019kPa, 291.75 and -90231kPa for mix ratio of 5:1:6, 10:3:13, 
2:1:3, respectively, Figure 4.16. The value of the terms (Aσt+B) is not zero, 
which implies that when p’=0, ΔGmax(OC) does not vanish. This can be 
regarded as a fitting error. For higher confining pressure, the effect of this 
error is negligible. 
To achieve a better fitting for the data points in Figure 4.16, which seem to 
follow S-shaped trends. Wherein the points of inflection correspond roughly to 
the full development of yielding in Figure 4.4(a), hereafter termed “full yield 
point”. This suggests that the specimens retained some memory of its initial 
yield point, even after they has been compressed to much higher stress levels. 
By normalizing the mean effective stress p’ by the primary yield stress p’py 
and ΔGmax(OC) by the unconfined compressive strength qu, the data points from 
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all three mix ratios fall onto a single inclined hyperbolic curve, which can be 
represented by 
















            
   
  
         (4.18) 


















Curing period t 
(days) 
Test in this 
study 
10:1:11 10 11 7, 28 UCT, BET 
5:1:6* 5 6 7, 28,90,150 UCT, ICT, BET 
10:3:13* 3.33 4.33 7, 28 UCT, ICT, BET 
2:1:3* 2 3 7, 28,90,150 UCT, ICT, BET 
4:3:7 1.33 2.33 7, 28,90,150 UCT, BET 
1:1:2 1 2 7, 28,90,150 UCT, BET 
2:1:3.5 2 3.5 7, 28 UCT, BET 
2:1:4 2 4 7, 28,90,150 UCT, BET 
2:1:4.5 2 4.5 7, 28 UCT, BET 
2:1:5 2 5 7, 28 UCT, BET 
2:1:5.5 2 5.5 7, 28 UCT, BET 
*Note: Bender element tests were also conducted on the cement-treated specimen with mix ratio of 5:1:6, 10:3:13 






Table 4.2 Variation of maximum shear modulus within pre-yield condition for cement-treated 
clay with various mix ratios (s:c:w-5:1:6, 10:3:13 and 2:1:3; curing period=7days) 
Mean effective stress p’ (kPa) 
Maximum shear modulus Gmax (MPa) 
5:1:6 10:3:13 2:1:3 
0 270 337 545 
10 272 340 547 
50 284 349 553 
100 298 361 561 






Table 4.3 Summary of bender element results for the specimen under different stress histories 
for specimen with different mix ratios  
(a) s:c:w=5:1:6; curing period =7days 
Initial and current mean 
effective stress p'(kPa) 
Maximum mean effective 
stress in history p'max(kPa) 
OCR Gmax (MPa) 
0 0 1.0 270 
 
200 N/A 273 
 
700 N/A 321 
 
1500 N/A 508 
 
2500 N/A 702 
200 200 1.0 332 
 
700 3.5 362 
 
1500 7.5 540 
 
2500 12.5 765 
300 300 1.0 351 
 
700 2.3 403 
 
1500 5.0 560 
 
2500 8.3 774 
500 500 1.0 371 
 
1000 2.0 501 
 
1500 3.0 613 
 
2500 5.0 826 
700 700 1.0 459 
 
1000 1.4 543 
 
1500 2.1 659 
 






(b) s:c:w=10:3:13; curing period =7days 
Initial and current mean 
effective stress p'(kPa) 
Maximum mean effective 
stress in history p'max(kPa) 
OCR Gmax (MPa) 
0 0 1.0 335 
 
200 N/A 339 
 
700 N/A 374 
 
1000 N/A 446 
200 200 1.0 386 
 
700 3.5 411 
 
1000 5.0 478 
300 300 1.0 409 
 
700 2.3 436 
 
1000 3.3 520 
500 500 1.0 460 
 
1000 2.0 563 
700 700 1.0 542 
 
1000 1.4 593 
 
(b) s:c:w=2:1:3; curing period =7days 
Initial and current mean 
effective stress p'(kPa) 
Maximum mean effective 
stress in history p'max(kPa) 
OCR Gmax (MPa) 
0 0 1.0 535 
 
200 N/A 537 
 
700 N/A 563 
 
1000 N/A 625 
200 200 1.0 578 
 
700 3.5 593 
 
1000 5.0 651 
300 300 1.0 594 
 
700 2.3 624 
 
1000 3.3 669 
500 500 1.0 626 
 
1000 2.0 681 
700 700 1.0 691 
 









Figure 4.1 Comparison between measured and predicted qu by Equation 4.1 for cement-
admixed marine clay specimens with different mix ratios and curing periods 
 
 
Figure 4.2 Correlation between unconfined maximum shear modulus Gmax0 and unconfined 
compressive strength qu for unconfined cement-admixed marine clay specimens with different 








































































Figure 4.3 Comparison between measured and predicted Gmax0 by Equation 4.3 for cement-
admixed marine clay specimens with different curing periods and zero curing stress 
 
 
Figure 4.4 Dependence of Gmax on void ratio e and effective mean stress  𝑝′ (a) e-p’ curves; (b) 
































Figure 4.5 Correlation between normalized shear modulus increments Gmax/pr with 
normalized mean effective stress p'/pr for cement-admixed marine clay specimens in pre-







y = 0.0608x + 5.3643
R² = 0.8278
y = 0.0516x + 5.4682
R² = 0.8138


































































Figure 4.6 Correlation between shear modulus increments (Gmax-Gmax0) with mean effective 




Figure 4.7 Relationship between curve coefficient k and unconfined compressive strength qu 
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Figure 4.8 Evolution of Gmax and e with the increase of p’ for specimen with various mix 
ratios: (a) 5:1:6, (b) 10:3:13 and (c) 2:1:3 (positive value of e means the reduction of void 
ratio by compression) 
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Figure 4.10 Evolution of Gmax and  e for specimen with various mix ratios: 5:1:6, 10:3:13 
and 2:1:3 in post-yield regime 
 
       Figure 4.11 Relationship between Gmax/Gmax and e 
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Figure 4.12 Evolution of Gmax , qu and e of cement-treated clay under different stress 
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Figure 4.15 Curve fitting for Gmax0(OC)/Gmax0 and p'max/p'py 
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Chapter 5 Strain-Dependent Shear Modulus 
 
The objective of this chapter is to investigate the influence of the factors such 
as mix ratio, curing time, stress state and stress history on the strain-dependent 
shear stiffness and damping ratio of cement-treated clay. The maximum shear 
modulus data was obtained using bender element and resonant column while 
the modulus degradation curves were obtained using resonant column and 
local strain measurements with submersible LVDT. 
5.1 Strain-Dependent Shear Modulus of Cement-Treated Clay 
in Unconfined Condition 
5.1.1 Factors Influencing Shear Modulus Degradation Curve 
As Figure 5.1(a) shows, higher cement content will lead to higher shear 
modulus. For strain level larger than 0.01%, the shear modulus degradation 
curves of the three different mix ratios converges into a narrow band. The 
finding is quite similar to that of Delfosse-Ribay et al. (2004), and can be 
attributed to the loss of cementitious bonding at large strain level, leading to 
greater dependence on intergranular friction (Clough et al., 1981).  
The corresponding normalized shear modulus curves are shown in Figure 
5.1(b). As can be seen, there is a significant difference in the “linear elastic 
threshold strain” at which the shear modulus start to drop below the maximum 
shear modulus, and this “linear elastic threshold strain” is different from the 
threshold strain stated in Chapter 3. As the cement content increases, the 
threshold strain decreases. This is similar to the observations of Yong (2002) 
and Yang (2008; 2015) and is consistent with the fact that higher cement 
content produces a stronger and more brittle cement-treated soil.  
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Figure 5.2 presents the resonant column test results of cement-treated clay 
with different total water content. As Figure 5.2(a) shows, as expected, at all 
strain levels, the shear modulus of cement-treated clay with lower total water 
content is higher than that of specimen with higher total water content. In 
addition, as Figure 5.2(b) shows, the “linear elastic threshold strain” decreases. 
This phenomenon is also similar to that found by Delfosse-Ribay et al. (2004) 
and Yang (2008; 2015) and can be readily attributed to the fact that a lower 
water content results in a stronger but more brittle material.  
As Figure 5.3 shows, there is a very significant increase in shear modulus over 
the range of applied strain between 7-day and 28-day curing, but the increase 
is much smaller between 28-day and 56-day specimens. This mirrors the trend 
of increase in strength reported by Xiao et al. (2014) which reported about 70% 
of the strength gain occurring within the first month for type I Portland cement. 
When generalized shear strain exceeds 0.01%, the shear modulus degradation 
curves again converge to a narrow band. Similar to the influence of cement 
content or total water content, the normalized shear modulus degradation 
curve of long curing specimen also shift leftwards, which is consistent with 
the findings of Yong (2002) and Kim et al. (2011). However, the amount of 
left-shift is relatively smaller compared to that for different water contents, 
Figure 5.2.  
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5.1.2 Correlation of Shear Modulus Degradation Curves and Unconfined 
Compressive Strength 
Figure 5.4 shows the shear modulus degradation curves for cement-treated 
clay with different unconfined compressive strength uq  corresponding to 
different cement content, total water content and curing periods (Table 5.1). 
Since cement-treated clay with higher unconfined compressive strength tends 
to degrade more with the increase of strain, the unconfined compressive 
strength may be usable as a parameter to characterize the location of the 
stiffness degradation curves. The discussion below seeks to establish a 
correlational model between the shear modulus degradation curves with 
unconfined compressive strength.   
Hyperbolic models have been widely used to describe the stiffness degradation 
behaviour with strain for soils by various researchers (e.g., Darendeli, 2001; 
Zhang et al., 2005). The simple hyperbolic model, Equation 5.1, was 
preliminarily adopted to find an optimum fit for each cement-treated soil: 








                                           (5.1) 
where G is the shear modulus; maxG  is the maximum shear modulus;   is the 
generalized shear strain; c , m are the fitting parameters. The following 
formulas could be derived from Equation 5.1: 




                                               (5.2) 




                                              (5.3) 




                                 (5.4) 
                                                                    
1c=f (q )u                                                            (5.5) 
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2m=f (q )u                                                                (5.6) 
Preliminary trials indicate that although the parameters c and m correlated 
well with qu (Figure 5.5), the normalized shear modulus degradation curve is 
not well captured for the whole range of generalized shear strain  , as 
illustrated in Figure 5.6. Although the model is able to give a reasonably good 
prediction of degradation of shear modulus at low strain level, the normalized 
shear modulus at large strain is significantly underestimated compared with 
the measured data, as shown in Figure 5.7.  
To overcome this shortcoming at high strain level, a modified form of the 
hyperbolic Equation 5.1 was used: 










                                        (5.7) 
As a result, it was found that Equation 5.7 can give reasonable prediction of 
max/G G at both high and low strain levels in two ends, whereas the prediction 
was greatly overestimated at the strain levels in the middle part ranging from 
0.001% to 0.01%, as demonstrated in Figure 5.8 and 5.9.  
To address these problems, another variant of the hyperbolic model, viz. 
Equation 5.8a, was employed:  
                                            
max
1





                                        (5.8a) 
Where r  is the reference shear strain at which max/ 0.5G G   and   is the 
fitted index controlling the curvature of degradation curves. As shown in 
Figure 5.10, r  can be well correlated to the unconfined compressive strength 
via the power function: 
                                                        0.77=1.57r uq
                                               (5.8b) 
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However, the degradation of the normalized shear modulus is still not well-
fitted in the whole range of strain  using a single-valued  . That is, 
underestimated prediction of max/G G  at high strain level was observed when 
comparing with the measured data, especially when max/G G >0.5. As such, 
trials of using different sets of   were conducted for capturing the stiffness 
degradation with strain when the normalized shear modulus maxG/G 0.5 ( 1  
is used) and max/ 0.5G G  ( 2 is used), respectively. By plotting the data of 
against the unconfined compressive strength uq , remarkable good fittings were 
observed in Figure 5.10. The correlation between   and uq  is expressed by: 














                       (5.8c) 
As shown in Figure 5.11, the resulting fitted normalized degradation curves 
are in reasonably good agreement with the measured data. Figure 5.12 
compares the fitted normalized shear modulus for different mix ratios and 
strain levels with experimental data for cement-treated clay with different 
unconfined compressive strength. As can be seen, Equation 5.8 is able to give 
a good prediction of the normalized shear modulus over the measured range of 
strains. Figure 5.13 shows a plot of normalized shear modulus against 
unconfined compressive strength for various strain levels, which may be 




5.1.3 Variation of Damping Ratio with Generalized Shear Strain 
Figure 5.14 presents the variation of damping ratio D with generalized shear 
strain   for cement-treated clay with different mix ratios and curing periods 
in unconfined condition. As can be seen, the damping ratio decreases as 
cement content and curing time increases. This suggests that the damping ratio 
decreases as the unconfined compressive strength of the treated soil increases. 
It may be attributed to the fact that damping ratio in soils is related to the 
amount of energy dissipated during wave propagation through its mass to 
rearrange the grains through interslippage or crushing of the asperities of 
individual grains at contacts. For cement-treated clay, with the increase of 
curing time, higher cementation can be formed in the cement-treated clay with 
higher cement content, leading to stronger bonds among the grains and thus 
reducing the damping ratio. In addition, it is found that the damping ratio is 
relatively stable with increasing shear strain at low shear strain ( <0.001%) 
and this range coincides with the “linear elastic range” of shear modulus stated 
earlier. But the damping ratio will significantly increase with the increase of 
strain when   exceeds 0.001%. The possible reason is that, the cementitious 
structure degrades slightly in the cement-treated soil specimen at low strain 
levels (  <0.001%), but the degradation can greatly accelerate with 
increasing strain when  >0.001%, thereby resulting in substantial increment 
in damping ratio.   
One approach for modelling D is relating it to max/G G , thus the damping 
equation proposed for this study is: 







   
 
                                         (5.9) 
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where  max/f G G  is a function of the normalized shear modulus; minD is the 
minimum damping ratio corresponding the maximum shear modulus maxG . By 
plotting the data of minD D and max/G G as shown in Figure 5.15, it is found 
that minD D  can be remarkably well expressed as a linear function of 
max/G G as: 






                                         (5.10) 
As shown in Figure 5.16, minD can be expressed as an exponential function of 
uq  as: 
                                               0.002
min 12.68
uqD e
                                              (5.11) 
Thus, combination of Equation 5.10 and 5.11 yields: 







                               (5.12) 
where normalized shear modulus max/G G can be determined in terms of the 
unconfined compressive strength uq  using Equation 5.8.   
As Figure 5.17 shows, the predictions by Equation 5.12 are in good agreement 
with the measured test data of damping ratio D of cement-treated clay with 
various cement contents, water contents, and curing durations. As such, the 
ready-to-use design chart associated with the dominant parameter uq  can be 
proposed as shown in Figure 5.18, demonstrating in quantitative manner how 
the damping ratio D curve moves down as the increase of uq  in the whole 
range of the shear strain developed in the cement-treated clay.   
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5.2 Shear Modulus Degradation Curve under Confined 
Condition  
5.2.1 Influence of Effective Confining Pressure  
Figure 5.19 shows the variation of shear modulus G  with generalized shear 
strain   for cement-treated clay with various mix ratios and mean effective 
stress 'p . The primary isotropic yield stresses (
'
pyp ) for the cement-treated 
clay with mix ratio s:c:w of 5:1:6, 10:3:13, and 2:1:3 are 207kPa, 301kPa, and 
559kPa, respectively. Thus, the effective confining stress 'p  on the specimens 
shown in Figure 5.20 ranges from smaller (for mix ratio of 10:3:13 and 2:1:3) 
to slightly higher (for mix ratio of 5:1:6) than the primary isotropic yield 
stresses of the cement-treated clay.  
It is observed that the shear stiffness G increases with the increasing mean 
effective stress 'p  from 0kPa to 300kPa for all the cement-treated clay with 
different mix ratios. Such an increase in soil stiffness can possibly be 
attributed to the strain hardening through the volume change developed in the 
specimen as demonstrated in Figure 4.4(a), where decrease in void ratio can be 
observed in the specimens even when it is subjected to low confining stress 
( 'p <300kPa). This observation is consistent with conclusions by other 
researchers (e.g., Acar and El-Tahir, 1986; Delfosse-Ribay et al., 2004; 
Mohsin, 2008). On the other hand, the degradation curves for the normalized 
shear modulus max/G G  are narrowly banded over the confining stress used, for 
a given mix ratio. Hence, the normalized shear modulus curves and empirical 
relationships for unconfined conditions can be used in confined conditions 
with mean effective stress from 0 to 300kPa. 
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The effects of confining pressure on the evolution of damping ratio with 
increasing shear strain for the cement-treated clay with different mix ratios are 
presented in Figure 5.20. According to Fahoum et al. (1996), damping ratio is 
a parameter characterizing the energy dissipation and it will be higher when 
the degree of particle slippage and particle rearrangement is higher (Saride and 
Dutta, 2016). As expected, the damping ratio decreases with the increasing 
confining pressure for all the cement-treated clay with different mix ratios. 
Similar to the above explanations, strain hardening can occur in the cement-
treated clay with the increasing mean effective stress p’, thereby contributing 
to the decrease of damping ratio.  
The above observations are based on the resonant column test results of 
cement-treated clay under low to medium mean effective stress (0 to 300kPa) 
ranging from lower to slightly higher than the primary yield stress. This is due 
to the limited confining pressure of the resonant column chamber. To further 
investigate the effect of mean effective stress on the variation of shear stiffness 
with strain, instead, local strain tests were conducted on the cement-treated 
clay under higher confining pressure with mean effective stress of 700kPa and 
1500kPa. Figure 5.21(a) shows the shear modulus degradation curves for mix 
ratio of 5:1:6 with confining stress ranging from 0 through 100, 200, 300 to 
1500kPa. As can be seen, the shear modulus G increases significantly, when 
the mean effective stress (i.e., 700kPa, and 1500kPa) is much higher than the 
primary yield stress. Hence, the effect of mean effective stress accentuates at 
high mean effective stress. The increase is also reflected in the degradation of 
the normalized shear modulus curves although the difference is moderated 
owing to the normalization process. This indicates that the effective confining 
148 
 
pressure can significantly increase the ductility of the cement-treated clay 
when 'p >
'
pyp , whereas such effects are insignificant for the cement-treated 
clay under low effective confining pressures ( 'p <
'
pyp ). From the above 






 is no larger than 1, the normalized shear 
modulus degradation curve of cement-treated clay can be represented by that 






 is 3.38, 4.83 and 7.25 for 
confining pressure of 700kPa, 1000kPa and 1500kPa, respectively. To model 
the effect of confining pressure, the ratio of fitting parameters 
r  and 







, as shown in Figure 5.22. It can be seen that the 
following formulas could be obtained: 












                                                  (5.13) 










                                            (5.14) 
where 
0r  and 0  mean the curve fitting parameters for cement-treated clay 
in unconfined condition, and they are also available for cemented clay in 










5.2.2 Influence of Stress History  
To investigate the effect of stress histories on the variation of shear stiffness 
with strain, local strain and bender element tests were performed on the 
specimens with mix ratio s:c:w of 5:1:6. The specimens were subjected to 
three different stress history episodes, namely:  
(i) the mean effective stress 'p  was maintained at 300kPa;  
(ii) the mean effective stress was raised to 700kPa and unloaded back 
to be 300kPa, this giving an over-consolidation ratio of 2.33; and 
(iii) the mean effective stress was raised to 1500kPa and unloaded back 
to be 300kPa, giving an over-consolidation ratio of 5.  
As Figure 5.23 shows, the shear modulus of the over-consolidated specimens 
is significantly higher than that of the normally consolidated specimen, even 
though the effective confining stress for all three specimens is the same, i.e. 
300kPa. Furthermore, the higher the over-consolidation ratio, the higher is the 
shear modulus. The possible reason is that, in the loading process of the stress 
history, permanent deformation develops significantly in the cement-treated 
soil with the increasing mean effective stress when 'p >
'
pyp , which will lead 
to substantial strain hardening, thereby contributing to the significant growth 
of the soil stiffness that is much higher compared to the loss of soil stiffness 
attributed to the degradation of the cementitious bonds occurred 
simultaneously. In contrast, in the unloading process of stress history, the 
swelling was relatively small for the cement-treated clay as reported by Xiao 
et al. (2014), with a result that the soil stiffness degradation attributed to 
swelling will be insignificant. The increase is also reflected in the normalized 
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shear modulus curves in Figure 5.24. The normalized shear modulus 
degradation curves of over-consolidated specimens tend to move to the right 
side in Figure 5.24, indicating that the stress history can also increase the 


















Table 5.1 Summary of test program in chapter 5 
Mix ratio (s:c:w) Cement content Aw (%) Total water content Cw (%) Curing period t (days) qu (kPa) Confining pressure p’(kPa) Test 
2:1:5.5 50 183 7 184 0 RCT,UCT 
2:1:5 50 167 7 222 0 RCT,UCT 
5:1:6 20 100 7 351 0, 100, 200, 300, 700, 1500 BET, RCT,LST, UCT 
5:1:6 20 100 28 586 0 RCT,UCT 
5:1:6 20 100 56 637 0 RCT,UCT 
10:3:13 30 100 28 900 0 RCT,UCT 
2:1:3 50 100 7 1143 0, 100, 200, 300 RCT,UCT 
10:3:13 30 100 56 1239 0 RCT,UCT 
2:1:3 50 100 28 1783 0 RCT,UCT 
2:1:3 50 100 56 2137 0 RCT,UCT 







Figure 5.1 Effect of cement content on (a) shear modulus and (b) normalized shear modulus of 








































































Figure 5.2 Effect of total water content on (a) shear modulus and (b) normalized shear modulus of 

























































































































































































































Figure 5.3 Effect of curing period on shear modulus of cement-treated clay (mix ratios of 5:1:6, 

















































































































































Figure 5.6 Comparison of the predictions of 























































Figure 5.7 Comparison between measured and predicted 
max/G G  by Equation 5.1 for 




































Figure 5.8 Comparison of the predictions of 























































Figure 5.9 Comparison between measured and predicted 
max/G G  by Equation 5.7 for 





















































































































   
Figure 5.11 Comparison of the predictions of 























































Figure 5.12 Comparison between measured and predicted 
max/G G  by Equation 5.8 for cement-
























































Generalized shear strain=0.0001% Generalized shear strain=0.005% Generalized shear strain=0.001%










Figure 5.14 Variation of damping ratio with shear strain  for cement-treated clay with 






















































Figure 5.15 Correlations between 
minD D  and max/G G  
 
Figure 5.16 Correlations between 



















































Figure 5.17 Comparison between measured and predicted D  by Equation 5.12 for cement-
treated clay with different 
uq  
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Figure 5.19 Variation of shear modulus with shear strain for cement-treated clay with 
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Figure 5.20 Variation of D  with shear strain   for cement-treated clay with different mix 





























































































Figure 5.21 Shear modulus degradation curves for cement-treated clay under low ( 'p =0, 100, 
































































































































































Unloading p' to 300kPa from 700kPa




Unloading p' to 300kPa from 700kPa








Figure 5.24 Comparison of max/G G  curves for cement-treated clay with different stress 






















Unloading p' to 300kPa from 700kPa






Chapter 6 Conclusion and Recommendation 
 
6.1 Summary of Research Findings 
From the experimental data and discussions presented above, the main 
conclusions of the thesis can be summarized as follows: 
6.1.1 Bender Element Test on Cement-Treated Soils 
(a) For cement-treated soil, filler materials like kaolin or plasticine are 
suggested to be used in the gap between the bender element and the cut slots, 
for ensuring quality of the contact between the bender element and specimen. 
Experimental results showed that signal of shear waves are more consistent 
and stable after using filler materials, and the filler materials does not 
significantly affect the measured modulus of cement-treated clay.  
(b) Stable and consistent measurements for both WF and GDS bender element 
system can be obtained from frequency between 3kHz to 10kHz for the 
specimens of cement-treated clay tested. More generally, higher excitation 
frequency is recommended for the stiffer specimens. 
(c) Since the L/λ ratio is directly related to the specimen length, for a given 
wave length, this implies that a minimum specimen length is needed to avoid 
near-field effects. It indicates that stiffer specimens are more sensitive to near-
field effects, and the limiting L/λ ratio of 1 was suggested for cement-treated 
clay tested in this study. 
(d) It was found that bender element testing works well on the specimen with 
aspect ratio of 2 and diameter from 35mm to 70mm. Therefore, conventional 
triaxial specimens (50mm in diameter and 100mm in height) may be suitable 
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for bender element test of cement-treated clay. On the other hand, specimens 
with dimensions 35mm by 140mm gave much higher maximum shear 
modulus, compared to specimens with aspect ratio of 2, which can be 





6.1.2 Resonant Column and Local Strain Test on Cement-Treated Soils 
(a) The reliability of small-strain modulus results from resonant column test 
was verified by test results from bender element test and local strain test. For 
the strain-dependent shear modulus, results from resonant column test and 
local strain test for confined specimens tend to have better consistency than 
unconfined specimens. 
(b) When the generalized shear strain is less than 0.01%, the equivalent radius 
ratio of 0.8 recommended by ASTM D 4015-07 standard is available for 
cement-treated soils in unconfined condition. As the shear strain continues to 
increase, the shear modulus of hollow specimen continues to increase further 
while that of the solid specimen stabilizing at a residual value. The divergence 
in modulus between hollow and solid specimens at large strain can be 
explained by the fact that the shear strain at the central core of the solid 
specimens remains small so that its equivalent stiffness remains high. 
(c) At a large strain level, micro-cracks may happen in the specimen because 
of tension. In this condition, the shear modulus could not recover to its initial 
value even when the applied strain is released. As it will be harder for 
confined specimen to generated cracks than unconfined specimen as the 
function of the mean effective stress, the confined specimen shows better 
recoverability of shear modulus. 
(d) A new design of mounts and installing procedure was developed for 
cement-treated soil. The new mount has lower and upper parts and can be used 
together with transducer guide for the alignment of the miniature submersible 
local LVDT. This new designed mount and transducer guide can minimize the 
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effect of installing the transducer on the specimen and makes sure the proper 
alignment of the LVDT body and armature so that the friction between the 
body and core due to misalignment can be minimized. The new mount system 
can also avoid the membrane detaching during undrained shearing testing for 
cement-treated clay by connecting the specimen with pins.  
(e) Configurations of the mounts and installing of the transducer were 
discussed in details. To avoid the damage of structure of cement treated soil 
induced by installing the mounts, premade holes are needed during specimen 
preparation. The dimensions of the holes and pins as well as the depth of the 
pins were investigated in details to reduce the effect of installing mounts and 




6.1.3 Maximum Shear Modulus of Cement-Treated Clay 
(a) The maximum shear modulus 
max0G  was found to be a power function of 
unconfined compressive strength uq of cement-treated clay. As such, by 
employing the equation by Xiao et al., (2014) for estimating uq , empirical 
formulation correlating the maximum shear modulus of cement-treated clay 
and the mix ratios plus curing time was proposed.  
(b) An increase in the mean effective stress 'p  could lead to the increase of 
maxG in both pre- and post-yield conditions for the cement-treated clay. 
Nevertheless, the increasing rate of maxG  in pre-yield condition is relatively 
small, but it starts to greatly increase when 'p >
'
pyp . Also, the contribution of 
'p  to the growth of maxG  slightly diminishes as the increase of cement content.  
(c) The variation of maxG  is closely associated with the corresponding 
evolution of the void ratio e with the increasing 'p . At larger change in void 
ratio, specimens with higher cement content show more rapid increase in 
confinement-induced modulus increment. Interestingly, a linear formulation 
was found to well describe the correlation between the variation of maxG and 
the change of void ratio e .  
(d) The effects of stress history on the variation of maxG  of cement-treated soils 




pyp . Nevertheless, such effects on the maxG  




pyp .  
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6.1.4 Strain-Dependent Shear Modulus of Cement-Treated Clay 
(a) The factors of mix ratio and curing period will have a significant effect on 
the strain-dependent shear modulus of cement-treated clay. The “linear elastic 
threshold strain” of shear modulus will be smaller for stiffer and brittler 
specimen. For cement-treated clay with different initial stiffness, the shear 
modulus degradation curves tend to converge to a narrow band when the shear 
strain exceeds some certain value. 
(b) The unconfined compressive strength uq  was found to be the dominant 
factor controlling the location of the stiffness degradation curves for cement-
treated clay. The evolution of normalized shear modulus max/G G  and damping 
ratio D  with generalized shear strain   were modelled in terms of a single 
parameter of unconfined compressive strength uq . The validity of the proposed 
models in the prediction of max/G G  and D  in the whole range of strains from 
10-7 to 10-2 has been well demonstrated through the comparison of predicted 
and measured data.  
(c) Effective confining pressures 'p  plays a significant role in the evolution of 
shear modulus and damping ratio in the whole range of  generalized shear 
strain   from 10
-7 to 10-2. Nevertheless, the increasing rate of shear modulus 
G of cement-treated clay with the increasing 'p  is small when the specimen 
is subjected to low effective confining pressures ( 'p <
'
pyp ), while it starts to 
markedly increase when 'p >
'
pyp . Similarly, the damping ratio decreases with 
the increasing 'p . The reason is given that strain hardening occurred in the 
specimen could contribute to a significant growth of shear stiffness which 
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could be much higher compared to the loss of soil stiffness attributed to the 
degradation of the cementation structure occurred simultaneously.  
(d) The stress history effects could significantly contribute to the growth of 
shear stiffness of cement-treated clay. At a given 'p , the specimen 
experienced higher maximum stress 
'
maxp  was found to have greater growth 
in the shear stiffness. This is due to that the stress history would cause 
significant plastic deformation in the cement-treated soils, thereby playing the 
dominant role in the growth of shear stiffness.  
(e) Both effective confining pressure ( 'p >
'










6.2 Recommendation for Future Work 
Based on the current study, some future work is recommended as follows: 
(a) To further check the sample size effect on bender element test for cement-
treated soils, finite element analysis will be adopted for find the errors in the 
determination of shear wave velocity.  
(b) For proper characterization of the mechanical properties as well as the 
interfacial properties between cementitious bonding and clay particles of 
cement-tread clay under various shear strain levels, further check the change 
of microstructure of specimen in resonant column test should be conducted. 
Moreover, the onboard electrical circuitry of current resonant column could be 
upgraded to achieve higher strain level. 
(c) According to Trhlíková et al. (2012), the maximum shear modulus of 
cement-treated soils depends on the state of soil structure, and the structure 
can be quantified by sensitivity ratio. Thus, the structure degradation of 
cement-treated clay with various mix ratios will be addressed 
comprehensively for further characterizing the development of maximum 
shear modulus in post-yield condition. 
(d) For better quantifying the effect of stress history on shear modulus of 
cement-treated clay, more specimens with various mix ratios and curing 
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Appendix-Raw Signals from Bender Element Test 
 
 
Figure 1 Raw signals at different frequencies from bender element test on cemented clay 
specimen with mix ratio of 5:1:6 and curing period of 7days (dimension=50mm diameter and 








Figure 2 Raw signals at different frequencies from bender element test on cemented clay 
specimen with mix ratio of 5:1:6 and curing period of 7days (dimension=70mm diameter and 






Figure 3 Raw signals at different frequencies from bender element test on cemented clay 
specimen with mix ratio of 2:1:3 and curing period of 7days (dimension=50mm diameter and 






Figure 4 Raw signals at different frequencies from bender element test on cemented clay 
specimen with mix ratio of 2:1:3 and curing period of 7days (dimension=70mm diameter and 






Figure 5 Raw signals at different frequencies from bender element test on cemented clay 
specimen with mix ratio of 2:1:4 and curing period of 7days (dimension=50mm diameter and 









Figure 6 Raw signals at different frequencies from bender element test on cemented clay 
specimen with mix ratio of 10:3:13 and curing period of 7days (dimension=50mm diameter 
and 100mm height)  
 
 
 
